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Abstract 
Drilling through Carbon Fibre Reinforced Polymer (CFRP) / Titanium (Ti) stacks is 
important for mechanical assembly of aircraft, however, there are concerns over rapid 
tool failure and part damage, which lead to reduced productivity and hole quality. 
Limited research has shown that Ultrasonic Assisted Drilling (UAD) has potential to 
improve hole quality when drilling CFRP and Ti individually. This has attracted the 
attention of aircraft manufacturers to evaluate the performance of UAD for 
CFRP/Ti stacks applications. This thesis presents three main studies of experimental 
work, which investigate tool wear mechanisms that govern tool life and hole quality 
when drilling CFRP/Ti stacks in a single continuous operation (one-shot) using 
carbide (WC-Co) drills. Study 1 involved conventional drilling of CFRP/Ti stacks as 
opposed to drilling CFRP and Ti individually using constant cutting parameters (cutting 
speed = 50 m/min; feed rate = 0.05 mm/rev). Study 2 and 3 investigate the effect of 
cutting parameters (cutting speeds = 25, 50, and 75 m/min; feed rates = 0.025, 0.05, 
and 0.075 mm/rev) during conventional drilling and UAD of CFRP/Ti stacks, and the 
performance of UAD was also evaluated. The hole quality was assessed in terms of hole 
diameter, CFRP damage (delamination and pull-out) and Ti surface integrity (burr 
formation, roughness, and hardness). The rapid tool failure when drilling 
CFRP/Ti stacks was found to be due to complex tool wear mechanisms, i.e. strong 
Ti adhesion on the abraded cutting edges and hence cutting edge fragmentation as the 
adhered Ti detached. Holes with inconsistent diameters, 22% – 62% more CFRP 
entrance delamination, 170% – 530% more CFRP pull-out and 720% higher Ti burr 
(after 80 holes) were observed when one-shot drilling of CFRP/Ti stacks compared to 
the case of drilling the materials individually (Study 1). It was shown (in Study 2 and 3) 
that using a low cutting speed and a high feed rate is important for better tool life 
during both conventional and UAD of CFRP/Ti stacks, although this does not 
completely resolve hole quality issues. Ti adhesion reduced, hence cutting edges wore 
uniformly and gradually, which resulted in a longer tool life, consistent hole diameter 
and reduced Ti burr when drilling CFRP/Ti stacks with reduced cutting speed and 
increased feed rate due to lower heat generation and contact time. However, CFRP 
damage when drilling CFRP/Ti stacks was not significantly affected by cutting 
parameters and tool wear, rather it was found to be substantially influenced by Ti chips 
evacuating through the CFRP. The application of UAD on CFRP/Ti stacks did not 
provide any significant advantage in tool wear / life compared to conventional drilling 
within the range of cutting parameters and cutting tool used, although there was slight 
improvement in hole quality. The cutting force profiles and Ti chip morphology 
indicated that UAD exhibited continuous cutting, i.e. the tool did not disengage from the 
workpiece during drilling. Even though the use of UAD was beneficial to produce more 
consistent hole diameter (between CFRP and Ti of the stacks), 33% lower machined Ti 
surface roughness and a marginal increase in Ti hardness compared to conventional 
drilling, there was no significant improvement in CFRP damage and Ti burr height. 
When drilling CFRP/Ti stacks, tool life and productivity could not be improved by the 
application of ultrasonic assistance using the range of parameters investigated, and 
finishing operations would still be needed to improve the hole quality. UAD could be 
more advantageous for drilling titanium individually than CFRP/Ti stacks.  
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Chapter 1      Introduction 
1.1 Research background  
This research was conducted to replicate the hole-making process by drilling through 
Carbon Fibre Reinforced Polymer (CFRP) and titanium (Ti) alloy stacks for the purpose 
of aircraft assembly, using controlled laboratory experiments. For manufacturing 
military aircraft (e.g. F-35), drilling is normally performed from the CFRP outer skin 
through to the titanium airframe in a single continuous operation to produce aligned 
holes for mechanical assembly. This drilling operation involving stack materials is 
often termed “one-shot drilling” in the industry, hence, this term will be used 
throughout this thesis, for simplicity. The combination of CFRP and titanium alloy in a 
stack is referred to as a CFRP/Ti stack in this thesis, for simplicity.  
Whilst combining the materials in a stack is seen as a resolution to meet higher service 
requirements by combining their exceptional properties, it has become a challenge for 
mechanical assembly, as drilling operations are required. A drilling operation is a 
relatively simple manufacturing process. However, the fact that it is often performed 
for mechanical assembly towards the end of a production line when manufacturing an 
aircraft makes the operation crucial. Damage to the parts caused by the drilling is a 
concern for production cost and time, as the parts can be rejected after undergoing a 
series of thorough, time-consuming and costly manufacturing processes. A military 
aircraft (e.g. F-35 Lighting) requires up to 300,000 holes to be drilled for mechanical 
assembly, therefore, having cutting tools that have long tool life is important [1]. Much 
attention and research has been devoted to improving tool life while achieving the 
required hole quality when drilling CFRP and titanium alloy on an individual basis. 
However, the lack of literature involving drilling CFRP/Ti stacks is limiting 
understanding of their machinability. 
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CFRP and titanium alloy require different drilling strategies in terms of specific cutting 
tools and cutting parameters, due to the distinct structures and properties of the 
materials. This leads to the research question of how reliable is the drilling process 
when uniform cutting parameters are employed for one-shot drilling of 
CFRP/Ti stacks? Both CFRP and titanium alloys are difficult to machine due to rapid 
tool wear and poor hole quality. The rapid tool wear shortens the tool life, hence 
necessitating frequent tool changes and increasing tooling cost. The poor hole quality 
requires secondary machining operations to repair the holes, which leads to additional 
time and cost. This raises a further question as to whether drilling the two different 
materials in a stack exacerbates the issues or does the interaction between the 
materials complement the drilling process? Therefore, this research focuses on 
developing an understanding of how the interaction between CFRP and titanium when 
drilling in a stack (in one-shot) conventionally influences the tool wear mechanisms, 
tool life and hole quality.  
For CFRP/Ti stacks, which exhibit totally different properties, but need to be drilled 
together, yet the materials require different drilling strategies, it is difficult to 
concurrently attain tool life advantage and achieve excellent hole quality. Ultrasonic 
Assisted Drilling (UAD) of CFRP and titanium alloy individually has recently attracted 
the interest of researchers and people in the industry, as it has been shown to have 
potential to improve tool life and hole quality compared to conventional drilling, which 
further motivated this research. UAD is a hybrid machining technique in which 
ultrasonic vibration is superimposed on the feed direction of a conventional drill 
during drilling.  
Research involving UAD has been focused on an individual material, specifically in 
terms of cutting force generation. The lack of comprehensive machinability data 
involving UAD, specifically for CFRP/Ti stacks, in the published literature precluded 
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understanding of its performance. This prompts the research question of how does the 
use of ultrasonic vibration on the drill when drilling CFRP/Ti stacks affect the cutting 
mechanism compared to conventional drilling? An understanding of this aspect is 
essential to explain and evaluate the performance of UAD in terms of whether a 
significant advantage in tool life and hole quality of CFRP/Ti stacks could be achieved. 
1.2 Aims and objectives 
This research aimed to develop the fundamental knowledge of machinability of 
CFRP/Ti stacks in terms of tool wear and hole quality when drilling conventionally 
(CD) and with ultrasonic assistance (UAD) using uniform cutting parameters and 
carbide drills. The research objectives were outlined as follow:  
1) To critically review the published literature regarding drilling of CFRP-only,          
Ti-only and CFRP/Ti stacks. 
2) To investigate tool wear mechanisms and hole quality (hole diameter, CFRP 
entrance delamination, CFRP pull-out and Ti burr) when drilling CFRP/Ti stacks 
conventionally compared to drilling CFRP and titanium alloy individually. 
3) To determine the effect of cutting parameters (cutting speed and feed rate) during 
CD and UAD of CFRP/Ti stacks on tool wear, hole diameter consistency, CFRP 
damage (entrance delamination, CFRP pull-out) and machined Ti surface integrity 
(burr, surface roughness, hardness). 
4) To examine cutting force profiles and chip formation during UAD of CFRP/Ti stacks 
compared to conventional drilling, in order to develop a fundamental 
understanding of the cutting mechanism of UAD. 
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Chapter 2      Literature Review 
Prior to discussing drilling strategies of CFRP/Ti stacks, it is important to consider the 
key structures and properties of the constituent materials individually, which explains 
the reason for them being difficult to machine. Consequently, this chapter will also 
discuss conventional drilling of Carbon Fibre Reinforced Polymer (CFRP) and titanium 
alloy on an individual basis, highlighting the issues, and thereby, the strategies for 
drilling the materials in a stack will be reviewed.           
2.1 Carbon fibre reinforced polymer  
A composite is an engineered material exhibiting a heterogeneous structure, 
comprising two or more different materials with distinct properties that are combined 
together as a matrix and reinforcement to rectify the limitations of the individual 
constituents [2]. Composites can be categorised based on the nature of their matrix, 
such as polymer, metal and ceramic, generally denoted as Polymer Matrix Composite 
(PMC), Metal Matrix Composite (MMC) and Ceramic Matrix Composite (CMC), 
respectively [3, 4]. This research focuses on Carbon Fibre Reinforced Polymer (CFRP), 
a type of PMC wherein the polymer is reinforced with carbon fibres. It is well known 
that the high specific strength, specific stiffness, light weight and corrosion resistance 
are among the attractive properties of CFRP [5]. 
The strength and stiffness of CFRP are governed by the volume, form and orientation of 
the carbon fibres, as well as the bonding strength between carbon fibres and the 
polymer matrix. Carbon fibres in CFRP can be in the form of discontinuous (short, 
chopped) or continuous (uni-directional, multi-directional, woven) with diameters 
ranging from 10 to 20 µm [6]. CFRPs with continuous carbon fibres are preferably used 
in the aerospace industry. This is because continuous carbon fibres can be oriented in a 
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specific direction to achieve the desired strength. The continuous fibres extend for the 
entire CFRP, which makes the composite suitable for load-bearing applications. 
Whereas, discontinuous carbon fibres are much shorter, and hence often exhibiting 
random orientations in CFRP leading to a reduction in the composite strength [7]. 
Nevertheless, CFRPs with discontinuous carbon fibre reinforcement are easier, faster 
and less costly to manufacture, therefore, they are usually employed in the applications 
where cost minimisation is more important than achieving the high strength of a 
component. 
CFRP is distinguishable from metallic alloys in such that it is anisotropic, meaning that 
its strength varies according to the direction of carbon fibres, which sometimes may 
limit its application [8, 9]. For instance, CFRP (with continuous carbon fibres) exhibits a 
higher tensile strength when the load is applied along the fibre direction (longitudinal 
direction) compared to across the fibres (transverse direction), Figure 2.1 (a). To 
overcome the constraint of anisotropic behaviour, CFRP is often made up by 
orientating the carbon fibres’ plies in multi-directions, such as 0˚, 90˚, -45˚ and +45˚, 
Figure 2.1 (b), so that the strength is more distributed across the CFRP component.  
 
Figure 2.1: Schematic of CFRP with continuous carbon fibres, showing (a) a single ply / prepreg 
having uni-directional fibres [10, 11]; (b) fibre orientations in typical CFRP (0˚,90˚, -45˚ 
and +45˚) used in the aerospace industry [2] 
The overall strength of CFRP components is influenced by the volume fraction of the 
carbon fibre and polymer matrix. Improvement in the strength and mechanical 
properties of CFRP can be achieved by having a higher volume of carbon fibres [12-14]. 
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Increasing carbon fibre content from 50% to 70% has been reported to increase the 
flexural strength of the composite (with an epoxy matrix) from 1025 to 1139 MPa and 
the flexural modulus from 50 to 56 GPa [13]. This makes the composite stronger and 
stiffer. However, it is important to note that increasing the carbon fibre content also 
increases the weight and brittleness of the composite. From the machining point of 
view, higher brittleness of CFRP means a reduction in its deformation ability, which 
indicates a higher tendency to fracture when being machined.  
For aircraft applications, CFRP typically consists of 60% to 70% continuous carbon 
fibres and 30% to 40% polymer matrix. The maximum practical limit of carbon fibre 
volume fraction in a composite is recognised to be 70% to ensure a strong interfacial 
bonding between the carbon fibres and polymer matrix [7]. Increasing carbon fibres 
content from 70% to 80% in a composite (with epoxy matrix) has been reported to 
reduce the flexural strength and flexural modulus of CFRP from 1139 to 1000 MPa and 
from 56 GPa to 28 GPa, respectively [13]. A higher percentage of carbon fibre content 
means little space for the polymer matrix to support the carbon fibres, preventing 
sufficient interfacial bonding hence causing porosity and weakening of the CFRP 
component [7, 13]. The key properties of carbon fibre reinforcement and polymer 
matrix that make the CFRP are explained in Sections 2.1.1 and 2.1.2.  
2.1.1 Carbon fibre reinforcement 
Most carbon fibres are produced from a polyacrylonitrile (PAN) precursor which is 
stretched and heated in a non-oxygen environment at temperatures above 1000 °C in 
order to remove all non-carbon atoms [6]. The mechanical properties of carbon fibres 
vary according to the grades, such as high modulus (HM) and high strength (HS) 
grades. Typical mechanical properties of HM and HS grades are compared in Table 2.1. 
As an individual material, carbon fibre is stiff with an elastic modulus of 390 – 400 GPa 
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for a HM grade, while a HS grade exhibits a lower value within 230 – 250 GPa, 
Table 2.1. The tensile strength of carbon fibres is typically in the range of 2.5 to 4.5 GPa 
for the HM grade, whereas the HS grade exhibits a higher value within 3.8 to 4.2 GPa. 
Despite the high specific strength and modulus of carbon fibres as indicated in 
Table 2.1, it is not practical to use carbon fibres alone to make a product due to their 
brittleness and low impact resistance. Thus, in order to utilise the strength of carbon 
fibres for high-performance components, a matrix or resin (polymer) is required to 
hold and support the carbon fibres. 
Table 2.1: Typical mechanical properties of carbon fibre for CFRP applications [2, 6] 
Properties 
PAN-based carbon fibre 
High Modulus (HM) High Strength (HS) 
Density (g/cm3) 1.81 – 1.95 1.75 – 1.78 
Elastic modulus (GPa) 390 – 400  230 – 250  
Tensile strength (GPa) 2.5 – 4.5 3.8 – 4.2 
Specific modulus (GPa/(g/cm3)) 200 – 220 129 – 140 
Specific tensile strength (GPa/(g/cm3)) 1.28 – 2.48 2.13 – 2.40 
It must be noted that carbon fibres are highly abrasive, which means that, when 
machining, the fine abrasive dust can damage the machine tool and endanger the 
operator’s health if they inhale the fine particles. Therefore, a dust extractor is essential 
when CFRP is machined in dry condition. Otherwise, cutting fluid can be used to 
suppress and wash away the carbon fibre dust. Moreover, the high electrical 
conductivity of carbon fibre dust can damage the electrical components in the machine 
tool, such as causing a short circuit when the dust penetrates into the electronic 
machine tool. 
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2.1.2 Polymer matrix 
Mouldability (easiness to shape), high resistance to corrosion and light weight has 
made polymers attractive to many industries in recent decades. Polymers, however, 
need reinforcement to improve their strength for aircraft application, which has led to 
the development of composites with the carbon fibres. The polymer resin within a 
CFRP also serves as to protect the brittle carbon fibres from impact and damage.  
Polymers generally have low strength, thus not all polymers are suitable to be used as 
the matrix for CFRP intended for aircraft components. The strength and maximum 
service temperature of a CFRP component are normally governed by the polymer’s 
glass transition temperature (Tg), which is described as the temperature at which it 
starts to soften, i.e. transitioning from the hard glassy state to the rubbery state. 
Therefore, it is important for CFRP to have a polymer matrix that has a high Tg. From 
the machining point of view, a high Tg of the polymer matrix is beneficial as it can 
withstand the cutting temperature, thereby keeping the carbon fibres intact.  
The two types of polymers, thermoplastics and thermosets, can be differentiated based 
on the bonds and crosslinks between their molecular chains (of hydrogen-carbon 
atoms). Thermoplastic is characterised by linear molecular chains; there are no 
physical and chemical connection or crosslinks between the polymer chains. Instead, 
the chains are held and linked together by intermolecular forces known as 
Van der Waals bonds [6], Figure 2.2. The intermolecular force keeps the thermoplastic 
chains intact, preventing movements between the chains, particularly in ambient / 
room temperature environment. An increase in temperature above the Tg of 
thermoplastic weakens the intermolecular forces, which causes a reduction in its 
stiffness and viscosity as a result of sliding between the molecular chains, leading to 
melting upon reaching its melting temperature [2, 7]. 
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Figure 2.2: Schematic diagram of thermoplastic polymer chains and structure (adapted from       
[7, 15]) 
A notable advantage of thermoplastics over thermosets is that they can be re-
processed and reshaped several times after the melting [2]. Examples of thermoplastics 
that are commonly used for making composites include but are not limited to, 
Polyamide (PA), Polyphenylenesulfide (PPS) and Polyetheretherketone (PEEK) [7, 16]; 
typical properties are shown in Table 2.2. These thermoplastics are increasingly used 
in CFRP due to their higher toughness and lower processing cost than thermosets, 
although the low Tg restricts their application at elevated temperature environment.  
Table 2.2: Typical mechanical properties of thermoplastics used as the matrix for CFRP [6] 
Properties 
Polyamide          
(PA) 
Polyphenylene sulfide 
(PPS) 
Polyetheretherketone 
(PEEK) 
Density  
(g/cm3) 
1.10 1.36 1.26 –1.32 
Elastic modulus 
(GPa) 
2.0 3.3 3.2 
Tensile strength 
(MPa) 70 – 84 84 
93 
Glass transition 
temperature, Tg 
(°C) 
55 – 80 85 145 
Melting 
temperature, Tm 
(°C) 
265 285 345 
In comparison to thermoplastics, a thermoset has strong crosslinks between molecular 
chains, known as covalent bonds [5], Figure 2.3. The fact that physical and chemical 
connections exist between the polymer chains to hold them together prevents 
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movement, which makes a thermoset material stiffer than a thermoplastic. Thermosets 
generally have a higher elastic modulus, thermal stability and glass transition 
temperature (Tg), as indicated in Table 2.3, compared to thermoplastics, Table 2.2      
[6, 17]. An increase in temperature for thermoset can reduce their stiffness and 
strength, however, unlike a thermoplastic, it does not eventually lead to melting. 
Instead, the thermoset degrades and decomposes upon exceeding its Tg [2, 5].  
 
Figure 2.3: Schematic diagram of thermoset polymer chains and structure (adapted from [7, 15])   
 
Table 2.3: Typical mechanical properties of thermosets used as the matrix for CFRP [6] 
Properties Epoxy 
Bismaleimide           
(BMI) 
Polyester 
Density       
(g/cm3) 1.10 – 1.20    1.20 – 1.32    1.10 – 1.23 
Elastic modulus 
(GPa) 2.6 – 3.8 3.2 – 5.0 3.1 – 4.6 
Tensile strength 
(MPa) 60 – 85 48 – 110 50 – 75 
Glass transition 
temperature, Tg 
(°C) 
65 – 175 230 – 345 70 
Typical thermosets used in composites for industrial applications are epoxy, 
Bismaleimide (BMI) and polyimides [16, 18, 19]. Epoxy has been widely used as the 
matrix for CFRP, although BMI is often employed as the matrix in CFRP for 
manufacturing aircraft. This is due to the higher Tg of BMI, which makes it more 
resistant to heat compared to epoxy, Table 2.3. The polymer matrix has a significant 
influence on determining the weight and mechanical properties of CFRP [20]. It is 
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apparent in Tables 2.2 and 2.3 that the density, elastic modulus and tensile strength of 
polymers are much lower than the carbon fibres, Table 2.1. This indicates that the 
weight and strength of CFRP decrease as the volume fraction of polymer matrix 
increases.  
2.2 Titanium alloys 
Titanium (Ti) is a transition metal, grey or silver in colour and represented by atomic 
number 22 in the periodic table. It constitutes approximately 0.6% of the earth’s crust 
and can be found in abundance after aluminium, iron and magnesium. Titanium is 
rarely found in its pure state directly from the earth’s crust as the metal naturally exists 
in the form of mineral sands consisting of ilmenite (FeTiO3) and rutile (TiO2) [21, 22]. 
Therefore, an extraction process is required, and the complex process makes titanium 
and its alloys more expensive than other common metals. The extraction, purification 
and further manufacturing of titanium are costly because titanium has high reactivity 
with oxygen which requires processes to be carried out in a vacuum or an inert 
environment and it is also a labour-intensive process [23, 24].  
The mechanical properties of pure titanium can be improved by the alloying process. 
Titanium alloys are mainly classified into three major groups which are Alpha (α) alloy, 
Beta (β) alloy and Alpha-Beta (α-β) alloy [25]. These different groups of titanium alloys 
exist due to the content and amount of elements alloyed with titanium during its 
manufacture. Adding a major amount of α alloying elements (stabilisers), such as 
aluminium, oxygen, carbon and tin to pure titanium produces an α titanium alloy. This 
α alloy is not heat treatable and is categorised as having low to medium strength 
among titanium alloys [26]. Mixing pure titanium with β elements (stabilisers) such as 
vanadium, chromium, molybdenum, iron and nickel transforms the metal into 
β titanium alloy [21]. β alloys have higher strength and good forgeability, although 
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higher density compared to α and α-β alloys [27, 28]. An α-β titanium alloy contains a 
mixture of both α and β elements. They are heat treatable, also exhibiting an excellent 
combination of strength, toughness and corrosion resistance [21, 29]. Common 
examples and application of titanium alloys are shown in Table 2.4.  
Table 2.4: Examples and common application of titanium α alloy, α-β alloy and β alloy [30] 
Titanium alloys Example Common application 
α alloy 
Ti3Al2.5V 
Ti5Al2.5Sn 
Gas turbine engine casing 
β alloy 
Ti10V2Fe3Al 
Ti15V3Cr3Al3Sn Aircraft spring 
α-β alloy 
Ti6Al4V 
Ti6Al6V2Sn 
Airframe and structural aircraft 
components 
This research focuses on Ti6Al4V, which is an α-β titanium alloy commonly used for 
making airframe and structural aircraft components (with 50% of usage compared to 
other titanium alloys) [23]. The mechanical properties of titanium alloys are 
significantly influenced by their microstructures in terms of the volume fraction of 
globular α-phase and lamellar β-phase. These two microstructural phases are formed 
by a recrystallisation process as a result of post-processing heat treatment and the 
cooling processes of the titanium alloys when they are being manufactured [22, 31]. 
The microstructures of Ti6Al4V are typically described as fine globular equiaxed, 
coarse globular equiaxed, lamellar, or bimodal [26], as shown in Figure 2.4. The 
equiaxed microstructure means that the grains have equal dimension throughout. The 
bimodal microstructure exhibits a mixture of lamellar and equiaxed grains. 
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Figure 2.4: Typical microstructures of titanium alloy Ti6Al4V showing (a) fine equiaxed grains, 
(b) coarse equiaxed grains, (c) lamellar, (d) bimodal [21] 
Compared to the globular α-phase, the β-phase exhibiting lamellar structures is 
relatively soft, which makes it more easily deformable, although it is more resistant to 
crack propagation and creep [21, 31]. The equiaxed (globular) microstructure has a 
balance of high strength and ductility, although the fine and smaller globular grains 
(e.g. less than 5 μm) are more ductile and have higher toughness compared to the 
coarse globular grains (e.g. 10 – 50 μm) [21]. Among all, bimodal microstructures are 
usually preferable in industry because they possess balanced properties of both 
equiaxed and lamellar structures. Some key mechanical properties of titanium alloy 
Ti6Al4V in comparison to pure titanium and other metals are shown in Table 2.5.  
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Table 2.5: Key properties of titanium in comparison to iron, nickel and aluminium [23, 32]   
Materials 
Pure 
Titanium 
Ti6Al4V Iron Nickel Aluminium 
Density (kg/m3) 4500 4400 7900 8900 2700 
Yield strength (MPa) 430 1000 1000 1000 500 
Elastic modulus (GPa) 115 115 215 200 72 
Melting temperature (°C) 1670 1670 1538 1455 660 
Thermal conductivity (W/m.°C) 19 - 23 15  73 90 204 
Comparative corrosion 
resistance 
Very High Very high Low Medium High 
A yield strength of 1000 MPa and density of 4400 kg/m3 indicate that titanium Ti6Al4V 
has a higher specific strength (ratio of strength to weight) compared to other metals, 
which makes the alloy advantageous for aerospace structural components. Yield 
strength, which is regarded as the amount of stress required to permanently deform 
the material is used as an indicator to determine the strength of the material, while 
density (kg/m3) gives an impression of the weight of the material. In machining, the 
fact that titanium Ti6Al4V exhibits yield strength of 1000 MPa, which is two times 
higher than aluminium, Table 2.5, indicates that Ti6Al4V is more difficult to deform and 
hence requires a stronger cutting tool.  
Compared to other metals, the low thermal conductivity of titanium Ti6Al4V 
(15 W/m.°C) indicates poor heat dissipation, which often renders its application as a 
good thermal insulator. However, when the titanium needs to be machined, its low 
thermal conductivity means the heat produced is hardly removed from the cutting 
zone (through the titanium workpiece / chip). This will cause a concentration of heat in 
the cutting zone, which is detrimental for the cutting tool.  
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At normal room temperature, titanium alloys are chemically inert, meaning that they 
do not react with other materials. However, it becomes highly reactive with other 
metals (cutting tool when machining) when the temperature increases above 500 °C 
[33], which is a critical issue during machining. The excellent properties of titanium 
alloys have made them attractive for aerospace components, however, such properties 
are also the reasons for them being difficult to machine. 
2.3 Carbon fibre reinforced polymer/ titanium alloy 
stacks  
A stack is made when discrete materials are piled and combined together. More 
complex stack configurations consist of more than two combinations of material, such 
as titanium, composites, and aluminium. The multi-materials stacks are typically 
employed in the aerospace industry, for manufacturing military aircraft and are 
increasingly gaining applications in commercial aircraft. The materials are combined in 
a stack to overcome the limitation in properties when they are used individually; this 
approach is also seen as a way to exploit their excellent properties. Being lightweight 
while maintaining the required strength and properties during flight and the aircraft’s 
entire lifespan is crucial due to concerns over fuel saving, emission legislation and 
environmental awareness, which is the reason for employing both CFRP and titanium 
alloys. The lower weight of the aircraft means less work for the engines, which leads to 
less fuel consumption, less carbon dioxide (CO2) emission per unit time and also 
further flying distance.  
This research focuses on a stack combination of CFRP and titanium alloy Ti6Al4V. CFRP 
is increasingly used for making the fuselage and aircraft outer skin, whereas, the 
airframe is typically made of titanium alloys since it requires high metallic structural 
strength. Assembly of the aircraft’s CFRP outer skin to the titanium Ti6Al4V airframe 
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leads to the formation of CFRP/Ti stacks. The detailed structures and properties of 
both CFRP and titanium alloys were discussed in Sections 2.1 and 2.2, respectively, 
which explained the reasons for their application, poor machinability and hence the on-
going machining challenges. The hole making process is a crucial operation, comprising 
40% to 60% of the total machining operation in order to manufacture and assemble 
the aircraft [20]. Hence, this research focuses on investigating and understanding 
machinability of CFRP/Ti stacks, subject to one-shot drilling, in terms of tool wear and 
hole quality. 
2.4 Cutting tools  
A cutting tool that is used for making holes by drilling is termed a drill. The drill 
performance in terms of having long tool life, producing the required machined surface 
finish and producing holes within tolerance, is mainly dependent on the materials from 
which the drill is made and its geometry [34]. Before discussing common drilling 
practices involving CFRP, titanium alloys and CFRP/Ti stacks, it is useful to review the 
key features of drill materials and nomenclature of typical drill geometry; these are 
outlined in Sections 2.4.1 and 2.4.2. 
2.4.1 Drill materials 
High speed steel (HSS), cemented carbide and polycrystalline diamond (PCD) are 
known to be the most common materials for drills. Their application and suitability for 
drilling are distinguished primarily based on their hardness, toughness and their 
reactivity relative to the workpiece material [25, 28]. Drill hardness is defined as the 
ability to maintain its shape and properties, resist indentation, deformation and wear 
during the drilling operation [32, 34]. Drill toughness is regarded as the ability of the 
drill to resist drilling impact and to absorb the stress during drilling before fracture 
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[20]. Figure 2.5 and Table 2.6 show a relative comparison of hardness and toughness 
of HSS, cemented carbide and PCD drills.  
 
 
 
Figure 2.5: Comparison of hardness versus toughness of common cutting tool materials [34] 
 
Table 2.6: Comparison of typical hardness and toughness of high speed steel (HSS), tungsten 
carbide (WC-Co) and polycrystalline diamond (PCD) drills [6, 35, 36]  
Drill material Hardness (HV) 
Fracture toughness, KIC 
(MPa.m-1/2) 
High Speed Steel (HSS) 800 – 910 10 – 18  
Tungsten Carbide (WC-6%Co) 1300 – 2000 8 – 14 
Polycrystalline Diamond (PCD) 7000 – 10,000 3 – 9  
HSS drills are known for having high toughness (10 – 18 MPa.m-1/2) and are normally 
used for roughing operations and drilling soft metals like aluminium. However, the low 
strength and hardness (800 – 910 HV) of HSS drills make them not practical for drilling 
CFRP and titanium alloys due to rapid wear and drill breakage (as early as drilling the 
first hole). Thus, it is not of an interest in this research, and no further details about 
HSS drills will be discussed. 
Straight cemented carbide (WC-Co) drills have been reported as the most commonly 
used for drilling CFRP, titanium and CFRP/Ti stacks [27, 37-41] due to their balanced 
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hardness and toughness compared to other drill materials, Figure 2.5 and Table 2.6. 
Cemented or tungsten carbide drills are manufactured using powder metallurgy by 
mixing, sintering and bonding tungsten carbide (WC) grains and cobalt (Co) powders at 
a temperature within 1350 – 1650 °C. Despite having high hardness, an individual 
WC grain is brittle and it has low impact strength, therefore, cobalt is used as a binder 
to hold the WC grains hence improving the overall strength [32, 42]. The size of 
WC grains that are generally used for making carbide drills are within 0.1 – 20 μm and 
the typical Co proportion is normally within 4% to 30% [6, 36].  
The size of WC grains and the proportion of Co binder are important in determining the 
hardness and toughness of carbide drills. As a general rule, a low Co binder content and 
smaller WC grains size are beneficial for improving the hardness of a carbide drill, 
although this reduces the drill’s toughness. Specifically, for a carbide drill with 6% Co 
content, the overall hardness increases from 1400 HV to 1750 HV with a decrease in 
WC grain sizes from medium coarse (2.1 – 3.4 μm) to submicron (0.5 – 0.9 μm), 
however, the fracture toughness reduces from 12 to 10 MPa.m-1/2 [36]. For a carbide 
drill with submicron WC grain sizes (0.5 – 0.9 μm), a decrease in Co binder content 
from 15% to 5% increases the average hardness of the drill from 1400 HV to 1800 HV, 
however, the fracture toughness reduces from 16 to 8 MPa.m-1/2 [36]. 
PCD drills are known for having exceptional hardness (7000 – 10,000 HV) compared to 
other drills, Table 2.6, although PCD drills are costly as the price is normally 10 to 
30 times higher than cemented carbide drills [34, 43], which limits their application. 
PCD drills are made by sintering diamond grains having sizes of 0.5 to 50 μm in a 
metallic binder, typically cobalt, at high temperature (1500 °C) and high pressure 
(60 GPa) [34]. The sintered PCD wafer is then cut to the required segment as a cutting 
edge, which is brazed onto a carbide substrate. A disadvantage in the property of PCD 
drills compared to cemented carbide drills is that they have lower hot hardness, 
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whereby they begin to lose hardness as the diamond reverts to graphite when the 
temperature increases higher than 500 °C [34]. Thus, a PCD drill is normally 
recommended when cutting temperature is lower than 500 °C, otherwise using a 
cemented carbide drill is regarded as a better option. PCD drills have also been 
recognised for having lower toughness than carbide drills, in which edges fracture and 
breakage have often been reported when they were used for drilling titanium alloys 
[32, 44-46].  
2.4.2 Drill geometry  
The shape and geometry of a drill have a major influence on cutting force generation, 
chip formation and hole quality [47]. Before discussing drilling strategies, it is useful to 
know the key geometry of a standard two-flute twist drill, such as the cutting lips (or 
cutting edges), point angle, helix angle, chisel edge, flank face and rake face; these are 
shown in Figure 2.6.  
 
Figure 2.6: Major geometry of a standard two-flute twist drill (adapted from [48]) 
The point angle for a standard two-flute twist drill is the included angle that is formed 
between the cutting lips, Figure 2.6, which varies from 90° to 140° depending on the 
workpiece materials to drill. A larger point angle makes the drill stronger. The drill 
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helix angle for a standard two-flute twist drill is typically within 12° to 38°. The helical 
flutes provide a passage for chips to flow and for cutting fluid to reach the cutting zone. 
A larger helix angle facilitates chip removal from cutting zone [43]. The flank face of the 
drill is the surface which passes over the newly machined workpiece surface, while the 
rake face is the surface on which the chip flows [44]. The chisel edge is the edge that 
connects the main cutting edges together [34]. 
2.5 Thrust force and torque 
Thrust force and torque are generated during drilling as a result of shearing workpiece 
material and chip formation. Thrust or axial force is denoted as Fz, which is a 
summation of forces acting on the chisel edge (Fce), cutting lips / edges (Fcl,A), side 
surface (Fss) and helical flutes (Fhf) of the drill, in the axial or feed direction during 
drilling [20], Figure 2.7. It has been reported that 60% of the thrust forces generated 
during drilling is contributed by the chisel edge action [34]. Whereas, torque (Mz) is 
the force applied along or at the radius of cutting edges, Fcl,N, when the drill rotates to 
shear the workpiece material [20], Figure 2.7.  
 
Figure 2.7: Forces acting on a drill during drilling (adapted from [20]) 
 
Thrust force and torque indicate the effort required to form chips, which are mainly 
dependent on the workpiece material, drill geometry, cutting parameters and wear of 
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cutting edges. These cutting forces are important because they affect the machined 
surface integrity, dimensional accuracy and the extent of workpiece damage [6, 32].   
2.6 Conventional drilling of CFRP 
2.6.1 Background 
CFRP components are normally fabricated near-net shape, although machining 
operations, particularly drilling is often required to make holes for mechanical 
assembly. Drilling CFRP is generally difficult due to the abrasive nature of carbon fibre 
causing rapid tool wear and failure [49]. In addition, the heterogeneous and brittle 
fracture of CFRP often resolve in irregular surface finish and damage to the machined 
part, thereby causing a reduction in the quality of CFRP component [50]. Before further 
discussing the tool wear and hole quality when drilling CFRP individually, a brief 
explanation of the chip formation of CFRP is presented in Section 2.6.2 to provide an 
understanding of the cutting mechanism of the CFRP.  
2.6.2 Chip formation 
Machining of CFRP produces chips in the form of fine dust, due to brittle fracture of the 
CFRP. The mechanism of chip formation of CFRP is highly dependent on the carbon 
fibre orientation [6]. The fracture of carbon fibres with 0° orientation (relative to 
cutting direction) occurs due to the compression and micro-buckling by the cutting 
tool, Figure 2.8 (a). For carbon fibres having orientation 90° and -45° relative to the 
cutting direction, the chips are formed by cracking and fracture as a result of 
compression and inter-laminar induced shear by the cutting edges across the carbon 
fibres, Figure 2.8 (b, c). For +45° fibre orientation, the chip formation is explained as a 
result of extensive cracking followed by macro-fracture due to the elastic bending and 
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compressive force against the carbon fibres [6], Figure 2.8 (d). These multi-
orientations of carbon fibres and their fracture behaviour cause difficulty in achieving a 
uniform machined surface finish and is the primary reason for the CFRP damage 
occurring during drilling, and hence poor hole quality. 
 
Figure 2.8: Schematic showing chip formation mechanism during conventional machining of 
typical uni-directional CFRP [6] 
2.6.3 Tool wear / life 
Tool wear is defined as “progressive loss of tool material” due to an interaction and 
relative motion between the tool and workpiece during machining, causing a change in 
geometry of cutting edges, tool flank face and rake face [35]. Abrasive wear, which is 
often indicated by cutting edge rounding or uniform wear along the cutting edges, 
Figure 2.9, are typical when drilling CFRP using carbide drills [51-54]. Abrasive wear 
occurs when two solid surfaces are forced and rubbed against each other, resulting in 
the softer material being removed mechanically by the harder material [55]. The edge 
rounding when drilling CFRP occurs as a result of abrasive CFRP workpiece and fine 
chip flowing around the cutting edges [52]. 
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 a)    New drill (0 hole)                    b)   After 60 holes 
Figure 2.9: Edge rounding of the uncoated carbide drill when drilling CFRP [52] 
 
Three-body abrasion has been proposed as the mechanism, which governs the abrasive 
wear of tungsten carbide (WC-Co) drills when drilling CFRP [6, 52, 53]. Three-body 
abrasion of WC-Co cutting edge is described as abrasion or removal of carbide (WC) 
grains by WC micro-particles that fractured due to prior removal of cobalt (Co) binder 
during drilling. The carbon fibres have been reported to have lower hardness (800 –
1100 HV) than WC grains (1700 – 2000 HV) [35, 48, 52]. Therefore, the carbon fibres 
are not able to abrade the WC grains, instead the carbon fibres abrade the cobalt (Co) 
binder, which is relatively soft (hardness of 400 – 1200 HV) compared to the carbon 
fibres [56, 57]. Consequently, the Co binder is preferentially removed, leaving voids 
between WC grains. Since WC grains are inherently brittle, the continuous stress and 
impact during drilling on the exposed WC grains (without Co binder to support them) 
cause micro-fragmentation and pull-out of WC grains. These WC fragments then abrade 
the WC grains that are still intact on the cutting edges. 
Carbide drills with WC grain sizes within the range of 0.1 to 1 μm and Co binder of 5% 
to 13% are practically used for drilling CFRP due to high overall hardness (1500 – 
2000 HV) and hence high resistance to abrasive wear [36]. The wear rate of carbide 
drills depends on the percentage composition of Co binder and the size of WC grains. 
The flank wear of a carbide drill when machining CFRP has been reported to reduce 
from 0.25 to 0.21 mm (cutting distance = 300 m) with decreasing Co binder content 
Chapter 2:  Literature Review 
 24 
from 10% to 5% (WC grain size = 1.5 μm) [56]. Also, flank wear of the carbide drill 
reduced from 0.2 to 0.18 mm (cutting distance = 300 m) with increasing WC grain size 
from 0.5 to 3.0 μm (5% Co binder) [56]. Therefore, when drilling CFRP, using a drill 
with a lower Co binder content and larger WC grain size is favourable for obtaining 
longer tool life. The lower Co content in a carbide drill suggests that there would be 
less void between WC grains when the Co binder is preferentially removed by carbon 
fibres during drilling, thereby reducing micro-fracture, removal and wear of the WC 
grains. With regards to WC grain size, despite a reduction in overall hardness with an 
increase in WC grain size, the improved abrasive wear resistance of the tool when 
machining CFRP is attributed to improved interlock between the larger WC grains [56]. 
The advance of coating technology for carbide drills has provided an improvement in 
the drills’ wear resistance to abrasion. The coating type, thickness and sufficient 
adhesion to the drill substrate are important in determining the wear resistance, 
performance, and life of coated drills compared to uncoated drills [58]. The coatings 
that have been typically used for carbide drills when drilling CFRP include Titanium 
Nitride (TiN), Titanium Aluminium Nitride (TiAlN) and diamond. Several studies [52, 
58-60] have shown that drilling CFRP (cutting speeds = 90 – 200 m/min, feed rates = 
0.05 – 0.1 mm/rev) using carbide drills with diamond coating of 6 – 12.5 μm thick 
resulted in two to twelve times longer tool life than uncoated carbide drills. In contrast, 
TiAlN and TiN coating (3 μm thick) typically did not show marked improvement in 
wear resistance and tool life compared to uncoated carbide drills (WC-9%Co) when 
drilling CFRP (cutting speeds = 90 – 180m/min, feed rates = 0.05 – 0.08 mm/rev) [6, 
52]. The substantial improvement in tool life of diamond coated drills is attributed to 
the exceptional hardness of diamond coating (7000 – 10,000 HV), which provides 
extended protection to the drill substrate from the abrasive CFRP materials during 
drilling, compared to TiAlN coating (hardness = 2000 – 3000 HV) [6, 32]. 
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Despite higher wear resistance, it must be noted that a thicker coating can affect the 
cutting edge geometry leading to an increase in cutting force. The coating on the drills 
can make the cutting edges slightly rounded, reducing their sharpness compared to the 
uncoated drill. This is notable when higher thrust forces of 120 N and 150 N were 
reported [52] during drilling CFRP using TiAlN and diamond coated drills, respectively, 
compared to the uncoated drills which generated lower thrust force of 100 N, for the 
first three holes when the tool wear was negligible. Thus, although the coating can 
improve the abrasive wear resistance of the cutting edges, the thickness of the coating 
needs to be carefully observed so that it does not change the geometry and sharpness 
of the drills, causing an increase in thrust force, which may be detrimental to hole 
quality. In contrast, a coating that is too thin may not be useful in improving the drill’s 
wear resistance, in which case it is better to use an uncoated drill since the coating only 
leads to an additional cost with no significant benefit in tool life.  
In terms of drilling environment, dry drilling of CFRP is seen to be advantageous to 
reduce tool wear and hence prolong tool life compared to drilling with cutting fluid. 
Barnes et al. [61] found lower abrasive flank wear of 0.155 mm after dry drilling of 
325 holes through CFRP using TiAlN coated carbide drills (cutting speed = 94 m/min, 
feed rate = 0.065 mm/rev) compared to when using water-based and cryogenic (liquid 
nitrogen, LN2) cutting fluids, which caused a higher tool wear of 0.180 mm and 
0.162 mm, respectively. The higher tool wear in the presence of cutting fluid has been 
reported to be due to the CFRP being able to maintain its strength as cutting 
temperature was kept lower than the Tg of the epoxy matrix (125 °C). In this case, the 
cutting edges have to work more to remove the harder and stronger CFRP material, 
which increases the cutting force, thereby causing more abrasion and a higher tool 
wear [61]. In contrast, dry drilling (absence of cutting fluid) causes an increase in 
cutting temperature, which softens the CFRP materials, hence making the drill easier to 
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remove the material causing a reduction in cutting forces and tool wear. However, it 
must be noted that thermal softening of CFRP material when dry drilling could be 
detrimental for the hole quality (this will be discussed in Section 2.6.4). This conflict 
makes conventional drilling of CFRP complex.  
In terms of drilling parameters, cutting speed has been regarded to be a major factor, 
which governs tool wear, whereas feed rate typically does not influence the wear rate. 
Tool life of uncoated carbide drills was found to increase from 275 to 512 holes, with a 
reduction in cutting speed from 235 m/min to 188 m/min when dry drilling of CFRP 
[53]. This was reported to be due to lower abrasive wear rate of 26.30 × 10−6 m/s when 
using the lower cutting speed of 188 m/min compared to the higher cutting speed of 
235 m/min, which exhibited a higher abrasive wear rate of 38.60 × 10−6 m/s [53]. 
There is general agreement that increasing cutting speed causes an increase in cutting 
temperature [62, 63], however, this is not regarded as the primary reason for 
increasing tool wear when drilling CFRP. The temperatures when dry drilling of CFRP 
using cutting speeds of 40 – 200 m/min have been reported to be within 120 – 280 °C 
(measured by thermocouples embedded on the flank face) [52, 62, 64, 65], which are 
not as high as when machining metals. The temperatures when drilling CFRP are not 
high enough to deteriorate the drill material (WC-Co) since carbide drills typically have 
high temperature strength up to 500 °C.  
Even though reducing the cutting speed when drilling CFRP is useful to reduce the 
abrasion of cutting edge so that a longer tool life can be achieved, this also means 
longer cutting time, which reduces productivity. Thus, in the case when achieving 
higher productivity is more important than cost minimisation, using PCD drills is 
regarded as a better option. The higher hardness and abrasion resistant of PCD drill 
permit the use of a higher range of cutting speeds (150 – 2000 m/min) than carbide 
drills (cutting speed = 10 – 220 m/min) when drilling CFRP [32]. PCD drills have been 
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reported to exhibit 50 to 200 times longer life than carbide drills when employed for 
drilling CFRP [6, 34].  
Cutting edge rounding of PCD drills have been commonly observed when drilling CFRP, 
indicative of an abrasive wear mechanism, however, the detail as to how the abrasion 
of PCD grains occurs has not been detailed [66, 67]. Considering that diamond is the 
hardest material known on earth, it is very unlikely that carbon fibres are able to 
abrade the PCD grains. Therefore, similar to the case of carbide drills, the wear of 
PCD drill is also regarded to be due to three-body abrasion, caused by micro-
fragmentation of the diamond grains. Due to the established performance of PCD drills 
and that they are expensive, research involving the wear of PCD drills is little and 
hence much research in the literature has focussed more on improving the life of 
cemented carbide drills. 
2.6.4 Hole quality 
2.6.4.1 CFRP delamination 
Delamination of CFRP materials is described as a separation of plies due to drilling, 
which is one of the reasons for the deterioration of hole quality [49]. The fact that CFRP 
is heterogeneous and made up by a layup process of prepreg plies makes it prone to 
being delaminated during drilling when subjected to cutting forces higher than the 
bonding strength between the plies [49]. Delamination of CFRP during drilling is 
commonly measured and evaluated based on the ratio of the extent of delamination 
occurring around the hole relative to the diameter or area of the hole [51, 58, 68, 69], 
as illustrated in Figure 2.10. It is denoted as delamination factor (FD) when the extent 
of delamination is calculated in reference to the hole diameter, whereas it is denoted as 
regional delamination factor (FA) when the area of delamination is considered relative 
to the area of the hole [6], Figure 2.10.  
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Figure 2.10: Schematic showing the measurement of delamination ratio in terms of delamination 
factor (FD) and regional delamination factor (FA) at the entry and exit of the hole 
produced when drilling CFRP 
 
CFRP delamination is normally observed at the hole entry due to materials being pulled 
up, Figure 2.11 (a), and at the hole exit due to materials being pushed out, 
Figure 2.11 (b). The hole exit normally exhibits larger extent of delamination (FD = 1.3 – 
2.2) than entrance delamination (FD = 1.0 – 1.3) when drilling using cutting speeds of 
94 – 220 m/min and feed rates of 0.02 – 0.07 mm/rev [49, 58, 70, 71]. Exit 
delamination is more difficult to control due to the reduction of the number of plies to 
withstand the cutting force as the drill approaches the few final uncut plies of CFRP 
workpiece.  
 
Figure 2.11: Schematic showing the occurrence of delamination at (a) hole entrance, (b) hole exit 
[72] 
 
Providing a backing plate at the bottom of CFRP plaque to be drilled is useful to reduce 
the exit delamination [73]. However, this is often not the ideal solution in industry, as 
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the components are not always horizontally positioned, making it difficult to provide 
support at the hole exit. Therefore, researchers have constantly investigated cutting 
tools, cutting parameters and drilling techniques, which can reduce the CFRP damage 
during drilling. 
In terms of drill geometry, cemented carbide twist drills having point angles of 90° – 
130° have been typically employed when drilling CFRP, and there is general agreement 
that a lower point angle is favourable for producing lower delamination due to lower 
thrust forces [74-77]. This is due to the fact that a lower point angle makes the drill 
more pointed, thereby improving penetration of the drill and less pressure being 
induced onto CFRP plies.     
There is a consensus in the literature that tool wear has a significant positive 
correlation with CFRP delamination. Numerous studies [11, 49, 51, 58, 69, 72, 73] have 
shown that CFRP delamination increased with an increase in tool wear due to 
increased thrust forces. Therefore, having a drill that has a lower tool wear rate is 
important to minimise the delamination occurring during drilling. Exit delamination 
has been reported to reduce by 85% when drilling using a diamond coated carbide drill 
(6 mm diameter), which was attributed to 78% lower tool wear compared to the 
uncoated carbide drill, up to 248 holes [58]. This means that more holes can be drilled 
with less delamination when the drill has a higher wear resistance or when the cutting 
edge sharpness is maintained and cutting force is lowered. This is the reason why 
diamond coated carbide drills and PCD drills are often preferable when drilling CFRP, 
in spite of being more costly than the uncoated carbide drills.  
With regards to cutting parameters, there has been little agreement on the influence of 
cutting speed on CFRP delamination. It has been reported that CFRP delamination 
increased with increasing cutting speeds (30 – 100 m/min) due to higher thrust force 
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as a result of higher tool wear when using higher cutting speeds [62, 78, 79]. However, 
others [76, 80, 81] argued that CFRP delamination reduced with increasing cutting 
speeds (60 – 200 m/min) because of a reduction in thrust force, which was explained 
to be due to softening of CFRP materials. This is because of more heat being generated 
at higher cutting speeds, although in the studies, the temperature that caused softening 
of CFRP materials was not reported. Softening of CFRP material, caused by increasing 
cutting speed during drilling is seen as favourable for reducing cutting force and hence 
delamination. However, it is important to note that the studies [76, 80, 81] did not take 
into account the influence of tool wear. As more holes are drilled with higher cutting 
speeds, the tool wear could be dominating, and the combination of higher tool wear 
and more heat generation can be more damaging for CFRP. In addition, more damage 
to CFRP could occur if cutting temperature caused by higher cutting speeds, is higher 
than the Tg of the polymer matrix.  
In comparison to cutting speed, the influence of feed rate on the occurrence of 
delamination of CFRP materials is dominant. There is a general agreement in the 
literature that CFRP delamination reduces with reducing feed rate (within 0.01 – 
0.1 mm/rev) [67, 68, 73]. Regardless of drill geometry, drill material (carbide or PCD) 
and CFRP structure (woven or uni-directional), the use of a lower feed rate when 
drilling CFRP has been reported to be essential for generating lower thrust force, 
thereby reducing CFRP delamination. A lower feed rate indicates less material is 
removed per unit time causing lower load and cutting forces being exerted on the CFRP 
plies. Therefore, less CFRP plies being delaminated when a lower feed rate is used, 
compared to the case of using a higher feed rate (which would cause a higher cutting 
force and more delamination).  
Although numerous studies [11, 68, 69, 76] have shown that lower cutting forces when 
drilling CFRP are important in producing less delamination and improved machined 
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surfaces, several studies [61, 82] have found that this case is not necessarily true when 
various cutting environments are introduced. It was found that the use of both flood 
water-based and LN2 cutting fluid when drilling CFRP (cutting speed = 94 m/min and 
feed rate = 0.065 mm/rev) produced 25% – 40% lower exit delamination despite 
exhibiting higher thrust force and tool wear, compared to dry drilling [61]. The lower 
delamination when drilling CFRP with cutting fluid has been reported to be due to the 
reduction in cutting temperature (although not specified in the study) which helps to 
sustain the inter-laminar strength of CFRP, thus withstanding the thrust forces [61]. 
The larger delamination during dry drilling was attributed to the effect of more heat in 
the cutting zone to cause softening and weakening of the CFRP material [61]. Dry 
drilling of CFRP requires the use of a lower cutting speed compared to the case when 
cutting fluid / coolant is employed to reduce heat generation and hence maintaining 
the strength of CFRP materials.   
2.6.4.2 CFRP pull-out 
Hole quality is also deteriorated due to CFRP pull-out and fibre breakout during 
drilling. The extent of fibre breakout and pull-out from the machined surface is 
typically influenced by the orientation of the carbon fibres, which are complex and 
continually changing during drilling. For instance, as shown schematically in 
Figure 2.12, during drilling of CFRP, the fibres’ orientation is 0° when they are parallel 
to the direction of cutting edge, while 90° when they are perpendicular to the cutting 
edge direction [6]. Carbon fibres with +45° (or also referred as 135°) orientation have 
been reported to suffer the most severe pull-out or loss of carbon fibres and polymer 
matrix, indicated by cavities on the machined surface, compared to those of 0°, 90° and 
-45° [83]. As shown previously in Figure 2.8 (c, d), it is more difficult to achieve a 
smooth machined surface finish with carbon fibres that have +/-45° fibre orientation 
since they are more susceptible to macro-fracture caused by the combination of 
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extensive elastic bending, micro-buckling and compression as the cutting tool moves 
against the carbon fibres’ direction [6].  
 
Figure 2.12: Description of carbon fibre orientation relative to cutting direction and rotation of 
the drill (adapted from [6]) 
The fibre pull-out from the machined surface is commonly assessed and described 
subjectively through microscopy, as seen in Figure 2.13. To date, there has been too 
little quantitative analysis of CFRP pull-out. Compared to delamination at the hole 
entrance and exit, researchers have not treated the measurement of fibre pull-out from 
the bore surface in much detail due to the difficulty in quantifying them.  
 
Figure 2.13: Typical machined surface of CFRP with respect to carbon fibre orientation [31] 
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There have been several attempts to quantify the CFRP pull-out by cross-sectioning the 
holes, polishing and measuring the cavity along the edges [61], Figure 2.14. However, 
the problem with this technique is that it does not consider the whole machined 
surface and the measurement is usually random and limited, since only the cross-
sectional part is assessed.  
 
Figure 2.14: Quantifying fibre pull-out from a CFRP machined surface by cross-sectioning the hole 
Investigating and quantifying CFRP pull-out considering a larger area or the whole 
machined surface can provide a better insight of the extent of material being pulled out 
due to drilling operation. Recent developments of three-dimensional (3D) surface 
profilometer (e.g. Alicona Infinite Focus), which is capable of scanning a machined 
surface in X, Y, and Z directions, and hence quantifying the volume of cavities (or 
materials being pulled-out) has offered an improvement in the quantitative analysis of 
the CFRP pull-out. Yet, no published study incorporating the technique for quantifying 
the amount of CFRP materials being pull-out has been found. A more comprehensive 
study would include the volume measurement of CFRP being pulled out due to drilling 
to provide a better insight of the machined surface condition and hence hole quality.   
hole 
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2.6.4.4 Hole diameter 
Hole diameter is usually measured in industry to evaluate drilled hole quality. The 
accuracy or deviation of hole diameter in CFRP is affected by tool wear, cutting 
temperature and damage to the bore machined surface [6]. Undersized holes in CFRP, 
which are smaller than the nominal diameter of the drill has been reported, which was 
attributed to drilling with increasingly worn drills [53, 84]. The increase in wear 
reduces the drill’s performance to shear the carbon fibres, causing more uncut carbon 
fibres stuck out from the surface, and hence resulting in undersized holes [53, 84].  
Oversized holes in CFRP in which the average diameters increased from 5.18 to 5.35 to 
5.55 mm have been reported to occur with increasing cutting speeds from 188 to 250 
to 315 m/min (feed rate = 0.05 mm/rev) when dry drilling of CFRP using 5 mm 
diameter carbide drills [70]. The study [70] did not consider the holes tolerance, 
nevertheless, if H7 tolerance (-0.00/+0.015 mm) is considered, the holes were 
oversized by 0.17 – 0.54 mm. The larger holes in CFRP produced by the higher cutting 
speeds were explained due to more heat generation, causing an increase in cutting 
temperature to degrade the polymer matrix, although evidence was not provided [70]. 
In addition, a larger variation in hole diameter and hole distortion in CFRP may occur 
due to high cutting temperature during drilling, causing complex thermal expansion 
between carbon fibres having multi-orientations and polymer matrix [6, 70].  
Whilst the undersized holes can be repaired by a secondary drilling operation to 
enlarge the holes, the oversized holes that are larger than the required tolerance are 
more difficult to repair which often leads to the parts being rejected. Therefore, having 
a drill that has lower tool wear rate and employing a drilling strategy which generates 
lower cutting temperature is important to produce more holes in CFRP having an 
accurate and consistent diameter within the required tolerance.  
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2.7 Conventional drilling of titanium alloy 
2.7.1 Background  
The main issue when drilling titanium alloy (Ti6Al4V) is high cutting temperature 
concentrating at the cutting interface (cutting edges, flank face/workpiece and rake 
face/chip), which has been reported to exceed 500 °C and can reach 1000 °C 
particularly in the absence of cutting fluid / coolant [24, 85]. Since a tungsten carbide 
(WC-Co) drill exhibits higher thermal conductivity (110 W/m.°C) than titanium alloy 
Ti6Al4V (15 W/m.°C), 90% of the heat dissipates through the drill, which is the reason 
for weakening and rapid wear of the drill [29, 85, 86]. Moreover, at high cutting 
temperature, titanium alloy becomes highly reactive with the drill materials (e.g. WC-
Co) causing issues such as adhesion and diffusion between the materials, hence 
deteriorating the drilling performance.  
In order to reduce heat generation hence cutting temperature, titanium alloys are often 
drilled with low cutting speeds within the range of 20 to 60 m/min. The temperature 
measured by thermocouples embedded at the flank face of the drill has been reported 
to reduce from 1060 to 480 °C as cutting speed reduced from 73 to 24 m/min (constant 
feed rate = 0.05 mm/rev) when dry drilling of titanium Ti6Al4V using carbide drills 
[85]. The use of lower cutting speed requires less energy and power because of slower 
tool rotation, which in turn generates less heat compared to the higher cutting speed 
that requires more energy. In addition, the use of cutting fluid / coolant is highly 
recommended when drilling titanium alloys to dissipate the heat. 
It must be noted that using lower cutting speeds when drilling titanium alloys also 
means longer cutting time, hence reducing productivity. Therefore, titanium is usually 
drilled using high feed rates (0.1 – 0.3 mm/rev, i.e. higher than those used for drilling 
CFRP) to improve productivity. The use of high feed rate when drilling titanium is also 
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important to avoid rubbing of the drill against the workpiece (often occurs when using 
lower feed rates). Rubbing of the drill against the workpiece causes more plastic 
deformation and workpiece hardening, consequently higher cutting forces and can 
cause rapid drill breakage.  
2.7.2 Chip formation 
Previous studies involving drilling of titanium alloys have not dealt with the chip 
formation in much detail. Nevertheless, in the case of turning and milling of titanium 
alloys, continuous chips exhibiting segmentation or serration, which is also termed as 
shear localised chips has typically been reported [87-90]. The chip segmentation 
normally is not apparent macroscopically, however, cross sectioning the chip, polishing 
and etching can reveal the segments. The segmentation occurs due to the formation of 
narrow bands as indicated by the red arrows in Figure 2.15 (a). The narrow bands 
between the chip segments represent the shear plane when forming the chip, 
Figure 2.15 (b). 
 
 
Figure 2.15: (a) Cross section of Ti6Al4V chip showing segmentation; red arrows show heavily 
deformed shear bands between segments [91], (b) schematic showing chip 
formation when drilling titanium alloy  (adapted from [6])        
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There are two theories regarding the mechanism of segmented chip formation when 
machining metallic materials, which are: 
(i) localisation of thermal softening in the shear region causing more intense 
grain deformation in the region / plane, typically the case of machining 
metallic materials having low thermal conductivity [87, 92, 93]. 
(ii) cyclic cracking initiates and occurs along the shear plane typically when 
machining metallic materials having low ductility (brittle) or metals having 
hard inclusions [94].   
Since titanium alloy is typically not brittle and it has low thermal conductivity, the first 
theory is more relevant to explain the chip segmentation when drilling titanium alloy. 
The low thermal conductivity of titanium (15 W/m.°C) causes the heat to localise in the 
shear plane when forming a chip, thereby causing localised softening of the shear 
region. The thermally softened region thus is heavily deformed compared to the 
surrounding colder region (which tends to work harden), resulting in the apparent 
shear bands, and hence chip segmentation [32, 92]. For comparison, machining 
metallic materials having high thermal conductivity such as aluminium (204 W/m.°C) 
normally does not form a segmented chip [32]. Instead, a continuous chip exhibiting 
homogeneous grain deformation is formed since the heat does not concentrate in the 
shear region; rather the heat is easily dissipated through the chip.  
It is difficult to measure the exact cutting temperature in the shear region during 
drilling. Since the formation of the segmented chip is closely related to heat generation, 
the more apparent shear band and chip segmentation when drilling titanium can be 
used as an indicator to describe that more heat is generated in the shear region. It is 
suggested that during drilling of titanium alloy, when cutting temperature is minimum, 
less or no apparent chip segmentation would occur. The work of Sun et al. [91] 
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involving turning of Ti6Al4V chips has shown that chips became more segmented as 
cutting speed increases from 16 to 75 m/min due to increased cutting temperature, 
although temperature measurement was not reported. It is generally known that more 
heat is generated with increasing cutting speed, thus causing more thermal softening at 
the shear region, hence apparent chip segmentation. For drilling titanium alloy, more 
work is needed to establish the correlation between cutting parameters and chip 
formation, and importantly, its relation to the quality of the machined surface.   
2.7.3 Tool wear / life 
Adhesive wear is typical when drilling titanium alloys using tungsten carbide drills [24, 
41, 95, 96]. Adhesive wear is described as the occurrence of a strong bonding and 
adhesion of the materials in contact, followed by tearing of the weaker material [55]. 
During drilling of titanium alloys, the chips adhere on the cutting edge because of the 
high chemical affinity between the two, which is highly governed by the high contact 
pressure (over 1000 MPa) and high localised temperature (over 500 °C) at the cutting 
interface [34]. The adhesion between titanium chip and cutting edge is characterised 
by a strong metallic bond causing micro-welds at the seized interface [48, 97]. This 
leads to chipping of the cutting edge when the tool substrates (e.g. WC grains and Co 
binder) are torn away by the adherent titanium, which has been reported as the 
primary reason for the tool failure during drilling of titanium alloys [32, 44, 88]. 
Tool wear when drilling titanium alloys can be reduced, hence tool life is improved by 
reducing cutting temperature during drilling through the use of cutting fluid / coolant, 
and the technique in which the cutting fluid is supplied is important [98-100]. Using 
high-pressure flood coolant is generally recommended to provide better cooling in the 
cutting zone [98-100], although there are concerns over additional cost and 
environmental pollution for using, handling, and disposal of the fluid. This has driven 
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people in the industry to pursue dry drilling, near dry (e.g. spray mist) drilling and 
drilling with cryogenic cutting fluid (e.g. liquid nitrogen (LN2) and carbon dioxide 
(CO2)). Less cutting edge chipping and 28% improvement in tool life has been reported 
when drilling Ti6Al4V with water-oil spray mist that was supplied through a nozzle 
compared to dry drilling (cutting speed = 40 m/min, feed rate = 0.06 mm/rev) [101]. 
Bermingham et al. [98] investigated tool life when dry machining of Ti6Al4V, and 
machining with flood conventional water-based and LN2 cutting fluids using uncoated 
carbide tools (cutting speed = 85 m/min, feed rate = 0.15 mm/rev). The tool life when 
using flood water-based and LN2 cutting fluids were respectively 182% and 
63% longer than dry machining. Thus, the application of flood water-based cutting 
fluid is still more advantageous for drilling titanium alloys as it outperformed the case 
of when using LN2 cutting fluid. Quick evaporation of LN2 is regarded as the reason for 
less effective cooling in the cutting zone compared to the water-based cutting fluid 
[98].  
Although cutting fluid is employed, the use of a lower cutting speed is still important 
when drilling titanium alloy to minimise heat generation, hence prolonging the tool life. 
Costa et al. [100] reported that tool life improved by 104% with a reduction in cutting 
speed from 60 m/min (tool life = 134 holes) to 45 m/min (tool life = 273 holes) when 
drilling Ti6Al4V using 10 mm diameter TiAlN coated carbide drill with flood cutting 
fluid (semi-synthetic oil). A limitation of the study [100] is that there is no information 
on tool wear measurement, which ended the drill life, and also the mechanisms in 
which the drill failed were not included.  
The effect of feed rate on tool wear when drilling titanium alloy did not receive much 
interest in the literature, although it is important to note that feed rates of 0.05 to 
0.25 mm/rev have been typically employed in numerous studies [40, 102-105] when 
drilling titanium alloys. The selection of feed rate typically does not affect the heat 
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generation as much as the cutting speed, however, it can affect the cutting forces 
because the higher feed rate means more amount of material is removed per unit time, 
hence causing higher cutting forces which may break the cutting edges. Li et al. [96] 
found that increasing the feed rate by 100% (from 0.05 to 0.1 mm/rev) increases the 
thrust force by 30% (from 200 to 260 N), when drilling Ti6Al4V with new carbide 
drills, while cutting speeds has been reported as not affecting the thrust forces. 
However, tool wear when drilling the Ti6Al4V with the different feed rates was not 
reported in the study [96]. The feed rate when drilling titanium alloy has to be carefully 
observed so that it does not increase the cutting force up to the point that it 
deteriorates the drill performance causing cutting edge fracture and drill breakage.  
Using a drill with a coating that has less reactivity with the titanium workpiece is 
beneficial to hinder Ti adhesion on the cutting edges during drilling [24]. Several 
studies [40, 41, 106] have shown that carbide drills with TiAlN and TiN coating (3 μm 
thick) generally have 25% – 30% longer tool life compared to the uncoated carbide 
drill when drilling Ti6Al4V using cutting speeds of 15 – 45 m/min and feed rates of 
0.05 – 0.06 mm/rev. Sharif and Rahim [40] however suggest that there is a limitation in 
cutting speed, in which the coated carbide drill performs better than the uncoated 
carbide drill. The life of TiAlN coated drills has been reported to reduce from 
7.5 minutes to 2 minutes and become similar to the uncoated drills with increasing 
cutting speeds from 25 to 55 m/min at a constant feed rate of 0.05 mm/rev [40]. This 
was due to the accelerated removal of the TiAlN coating by flaking with increasing 
cutting speed due to faster chip flow over the cutting edge and rake face. The carbide 
substrate of the drill was exposed rapidly, resulting in the increase in Ti adhesion, edge 
fragmentation and wear progression similar to the uncoated drill.  
Edge chipping and tool breakage when drilling titanium alloys can also occur without 
titanium chip initially adhering to the cutting edges [40, 41]. In this case, the wear 
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mechanism is referred to as attrition [107]. Attrition wear when drilling Ti6Al4V is 
described as a loss of drill material due to disintegration when the cutting edges are 
not strong enough to withstand the force during drilling [55]. An extremely sharp 
cutting edge is generally prone to chipping. Thus, instead of extremely sharp cutting 
edges, having cutting edge preparation (CEP), which is typically done either by 
chamfering or honing of the cutting edges, is beneficial to strengthen the cutting edge 
and to avoid rapid edge chipping [108]. In addition, a drill having a large point angle of 
130° – 140° is suggested to be more resistant to breakage, and is favourable to prolong 
the tool life when drilling titanium alloy [40, 109].  
Diffusion wear, which is indicated by the formation of craters on the drill face, has also 
been reported when drilling titanium alloys because of the high chemical reactivity of 
the tool material with titanium [32, 95, 110, 111]. It often occurs on the drill rake face 
as the chip flows causing the drill materials being diffused into the chip and vice versa. 
Diffusion wear involves the depletion of material at an atomic level [111]. The diffusion 
wear / crater on the rake face has been reported to be prevalent when using cutting 
speeds higher than 100 m/min but not when the cutting speed was lower [111]. 
Increasing the cutting speeds from 100 to 120 m/min increased the crater depth from 
6.85 μm to 50.99 μm, which was attributed to the high cutting temperature of 790 °C 
and 869 °C, respectively, accelerating the diffusion of the tool materials [111]. This 
signifies the importance of using lower cutting speed when drilling titanium alloy in 
order to extend the tool life. Although the diffusion wear and crater typically occur on 
the rake face rather than the cutting edges, the crater on the rake face still needs to be 
considered. The fracture on the rake face has been reported to initiate from the crater’s 
location [95], which can be the reason for drill weakening, consequently leading to drill 
fracture and failure. 
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2.7.4 Hole quality 
2.7.4.1 Burr 
Burr formation is one of the reasons for the deterioration of hole quality when drilling 
titanium alloys. The burr is defined as a partially formed chip that leaves a sharp 
protrusion at the edge of the machined surface due to incomplete shearing [32], 
Figure 2.16. This is typical when machining ductile metals and alloys because of their 
plastic flow, which is described as the ability to deform up to high strain before 
breaking [32, 112]. The burr at the exit of drilled holes is highly unfavourable because 
it makes assembly with other parts difficult. A sudden breakage of the burr due to the 
unstable bonding between the burr and the parent material can lead to failure in the 
assembly [113]. The presence of micro-cracks in the burr can further propagate into 
the parent material, causing further deterioration of the whole part. In addition, the 
burr is sharp, hence, it can cause injury to people who handle the part. Therefore, a de-
burring process is necessary, and this means additional cost and time for production 
[114, 115].  
 
Figure 2.16: Schematic of burr formation mechanisms when drilling – (a) uniform burr with drill 
cap, (b) uniform burr without drill cap, (c) transient burr, (d) crown burr [116, 117] 
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With regards to cutting parameters, the effect of cutting speed on the burr formation 
when drilling TI6Al4V using carbide drills has been a controversial subject. Several 
studies [105, 114] found that the burr height increased with an increase in cutting 
speed (within the range of 6 – 20 m/min). This was explained due to an increase in 
heat generation, causing a reduction in the strength and an increase in the ductility and 
more plastic flow of the workpiece, which consequently leaving more burr at the hole 
exit [114]. However, Percin et al. [118] reported otherwise, as they found a linearly 
negative correlation between burr height and cutting speed (5 – 18 m/min), which is 
supported by Isbilir and Ghassemieh [37] although employing a higher range of cutting 
speeds (of 25 – 45 m/min) than the work of Percin et al. [118]. The reduction in the 
burr height with increasing cutting speed has been reported to be due to a reduction in 
thrust force that induces less pressure on the workpiece. It is possible that the 
reduction in cutting force was due to the effect of more heat generation at higher 
cutting speed, which softens the material. However, the previous work [105, 114] 
which showed a linearly positive correlation between cutting speed and the burr 
height did not provide the result of cutting force, hence a comparison cannot be made.  
Furthermore, no definite trend in the burr height (varies from 20 – 48 µm) when 
drilling titanium Ti6Al4V with the change in cutting speed from 10 to 30 m/min has 
also been reported, however further explanation was not provided [104]. The main 
weakness of all these studies [37, 104, 105, 114, 118] is that the effect of tool wear due 
to drilling with various cutting speeds on the burr formation was not considered and 
included. It appears that the studies failed to draw a distinction between whether the 
burr height is caused by the particular cutting speed or drilling with a worn drill. These 
studies would have been more convincing if the results of cutting forces and tool wear 
for drilling with respective cutting speeds, in addition to the number of holes at which 
the burr measurement was done, were included.  
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In terms of feed rate, there is general agreement [37, 105, 114, 118] that the burr 
height increases with increasing feed rate when drilling titanium alloys, which has 
been explained due to an increase in thrust force, although the aspect of tool wear was 
not included. It must be noted that the thrust forces can also increase as the tool wear 
increases, however it is not clear in the previous studies [37, 105, 114, 118] whether 
the burr increment was due to the higher cutting forces caused by the higher feed rate, 
higher tool wear or combination of both. Therefore, further work is required 
considering the influence of tool wear, to establish factors, which govern the burr 
formation. By establishing a distinction between the effect of respective cutting 
parameters on tool wear and the burr when drilling titanium alloy, it would be more 
convincing on which factors need to be controlled to reduce the burr formation. 
2.7.4.2 Surface roughness 
Surface roughness is usually measured in terms of Ra (average roughness), Rz (mean 
distance between peaks to valleys) and Rt (distance between the highest peak and the 
deepest valley) [32] using stylus-type profilometers, to evaluate the quality of 
machined surfaces. The higher value of Ra, Rz and Rt indicates that the surface is 
rougher. The surface roughness of titanium is influenced by the amount of 
irregularities such as material adhesion, feed marks, grooves or valleys on the surface. 
Among the roughness parameters, Ra measurement is commonly recognised. 
Conventional drilling of titanium alloys using standard twist drills generally produces 
surface roughness, Ra within the range of 0.8 to 6.5 μm, depending on cutting 
parameters and drilling environment [119, 120]. An increase in feed rate has been 
reported to be the most influential factor for increasing surface roughness values when 
drilling titanium [37, 121]. The use of a higher feed rate causes more intense and larger 
separation between feed marks on the surface, thereby is regarded as a major reason 
for higher values of surface roughness [119].  
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Increasing cutting speed from 12.5 to 25 m/min when dry drilling of Ti6Al4V has been 
reported to reduce the Ra from 1.80 to 1.62 μm due to increasing cutting temperature 
from 356 to 429 °C [121], which caused softening of the workpiece hence fewer 
grooves on the machined surface. In addition, the use of cutting fluid when drilling 
titanium is important to act as a lubricant and hence improving machined surface 
finish as the Ra of the first three holes has been reported to be lower (0.5 – 1.5 μm) than 
those produced by dry drilling (1.0 – 2.4 μm) [96]. Holes that require finer surface 
finish (e.g. less than 0.5 μm) usually need to undergo a secondary machining operation 
(e.g. reaming) to remove or burnish the irregularities (e.g. feed marks and material 
adhesion) on the surface [32]. 
2.7.4.3 Surface hardness and residual stress 
Hardness and residual stress are important criteria that describe the machined surface 
integrity and hence functional performance and fatigue strength of a part. The 
machined surface of Ti6Al4V (up to 300 μm beneath the surface) has been reported to 
exhibit 15% – 24% higher hardness than the parent workpiece [95, 122, 123]. 
Hardening of the machined surfaces is typically attributed to grain deformation as a 
result of plastic deformation during drilling [95, 124].  
Residual stress within the machined surface after drilling can be compressive as a 
result of mechanical load or tensile which is typically due to thermal factor [119]. 
Compressive residual stress is indicated mathematically by negative values, whereas, 
tensile residual stress is indicated by positive values. Compressive residual stress is 
generally favourable as it strengthens the machined surface hence improving the 
fatigue life. In contrast, tensile residual stress is highly undesirable as it causes 
weakening of a part [119].  
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Several researchers [124-126] found that there is a positive correlation between 
hardness and compressive residual stress within the machined surfaces of Ti6Al4V 
subject to various machining operations (milling, turning and grinding). For drilling of 
Ti6Al4V, Paulsen et al. [127] reported tensile residual stress of 100 to 550 MPa up to 
70 µm beneath the machined surface when tool wear was negligible, although residual 
stress became compressive (-180 to -450 MPa) when tool wear reached 200 µm. The 
compressive residual stress was attributed to increased cutting forces as tool wear 
increased [128]. Nevertheless, the machined Ti surfaces (up to 250 µm) exhibited 
higher hardness (430 – 520 HV) than the bulk workpiece (350 HV) regardless of tensile 
or compressive residual stress, hence no definite correlation between compressive 
residual stress and hardness can be deduced in the study [127].  
2.7.4.3 Hole diameter 
Hole diameter measurement is not the subject of interest in the literature concerning 
drilling of titanium Ti6Al4V individually. However, in industry, hole diameters are 
usually measured and checked for controlling quality. Producing holes that have 
accurate and consistent diameters within tolerance is important. Inaccuracy and 
deviation in hole diameter in Ti6Al4V may occur due to drill wandering during drilling, 
increased tool wear and adhered material on cutting edges. The diameter of five holes 
drilled in Ti6Al4V has been reported to be not significantly affected by either cutting 
speed (10 – 30 m/min) or feed rate (0.1 – 0.2 mm/rev) when drilling using 6.35 mm 
diameter TiAlN coated carbide drills with flood cutting fluid [104]. Nevertheless, all 
holes were oversized by 20 – 40 µm from the drill nominal diameter [104]. Due to the 
small sample size (5 holes) and the aspect of tool wear (and cutting edge condition) 
was not considered in the previous work [104], it is difficult to establish any 
discernible correlation between the hole diameter accuracy and the cutting 
parameters. 
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2.8 Conventional drilling of CFRP/Ti stacks  
2.8.1 Background 
Drilling CFRP and titanium alloy in a stack is relatively a new practice compared to 
drilling the materials individually. Thus, literature involving drilling of CFRP/Ti stacks 
is limited. Research involving one-shot drilling of CFRP/Ti stacks in the literature has 
often been conducted by treating the materials as a separate entity. This means that the 
CFRP/Ti stacks are drilled using variable cutting parameters (cutting speeds and feed 
rates), which are suitable for the respective materials in the stacks, although the same 
drill is employed. Specifically, the cutting parameters were changed alternately and 
accordingly when drilling different materials of the stacks.  
The reason for using variable cutting parameters through the stacks is because the 
practical cutting parameters when drilling CFRP contrast significantly those of titanium 
alloys. For instance, employing cemented carbide drills, CFRPs are preferably drilled 
using high cutting speeds of 80 – 200 m/min and low feed rates of 0.01 – 0.05 mm/rev 
(as discussed in Section 2.6). In contrast, TiAl4V are practically drilled using low 
cutting speeds of 20 – 60 m/min and high feed rates of 0.1 – 0.3 mm/rev (as discussed 
in Section 2.7).  
Although employing variable cutting parameters is feasible on Computer Numerical 
Control (CNC) machine tools as they can be pre-programmed, manual drilling 
operations are sometimes required, in which changing the cutting parameters while 
drilling the stack materials continuously is not practical. In addition, the use of variable 
cutting parameters is impractical in the industry when the materials in stacks have 
inconsistent thickness. This requires changing the drilling program constantly to meet 
the requirement of different materials and stacks configuration, which is time-
consuming, incurs additional costs and hence not practical.  
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Nevertheless, there is a consensus in practice when drilling CFRP and titanium alloy in 
terms of the drill material, in which both materials have been appropriately drilled 
using cemented carbide drills. Yet, the materials require different drill geometry. For 
instance, when drilling CFRP, drills with point angles of 90° – 120° are often used to 
generate low thrust forces hence reducing delamination [58, 68, 80, 129]. In contrast, 
drilling of titanium alloys requires drills with a larger point angle within 130° –  140° 
since it makes the drill stronger and more resistant to fracture [40, 85, 130, 131]. The 
helix angles of 25° – 30° are typical when drilling both CFRP and titanium alloys to 
facilitate chip removal through the flutes [40, 85, 131]. The different requirements in 
cutting parameter and drill geometry when drilling CFRP and titanium alloy 
individually is the main challenge for drilling CFRP/Ti stacks in one-shot.  
A uniform set of cutting parameters (cutting speed and feed rate) when drilling 
through CFRP/Ti stacks is favourable in industry, hence is the focus of this research. 
Uniform cutting parameters for drilling the stack materials are a compromise between 
those that are practical for drilling CFRP and titanium. This has raised a research 
question of what are the compromised cutting parameters and drill geometry, which 
are appropriate for drilling CFRP/Ti stacks? Several studies [102, 103, 132, 133] have 
been reported in the literature, which employed a uniform set of cutting parameters 
during conventional drilling of CFRP/Ti stacks; the details of drill geometry and drilling 
environment are presented in Table 2.7. In summary, for drilling CFRP/Ti stacks using 
uniform cutting parameters through the stacks, previous studies have employed: 
 cutting speeds of 6 – 60 m/min, which is practical for drilling titanium 
alloys to minimise the heat generation.  
 feed rates of 0.03 – 0.25 mm/rev, the ranges typically used for drilling both 
CFRP and titanium individually.  
 uncoated and coated tungsten carbide (WC-Co drill) twist drills. 
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Since research concerning drilling of CFRP/Ti stacks using uniform cutting parameters 
is limited, the following Sections 2.8.2 and 2.8.3 will discuss tool wear and hole quality 
of CFRP/Ti stacks, taking into consideration literature [37, 41, 45, 134-137] which 
employed variable cutting parameters as presented in Table 2.8. Tables 2.7 and 2.8 will 
be referred in the discussion (Sections 2.8.2 and 2.8.3).   
Table 2.7: Detailed drill, cutting parameters and drilling environment involving     conventional 
drilling of CFRP/Ti stacks using uniform cutting parameters in the literature, 
(D = diameter, φ = point angle, ψ = helix angle, Vc = cutting speed, f = feed rate) 
References 
CFRP/Ti 
stacks 
thickness 
Drill Cutting parameters 
Drilling 
environment 
Kim and Ramulu, 
[103]   
CFRP  
= 7.6 mm 
Ti6Al4V  
= 3.1 mm 
Uncoated WC-Co    
twist drill 
D = 6 mm 
φ = not specified 
ψ = not specified 
Vc = 12, 21, 33 m/min 
f = 0.08, 0.13, 0.20, 0.25            
mm/rev 
Flood water-
based cutting 
fluid 
Ramulu et al., 
[132]  
CFRP  
= 7.6 mm 
Ti6Al4V  
= 3.1 mm 
Uncoated WC-Co    
twist drill 
D = 6 mm 
φ = not specified 
ψ = not specified 
Vc = 6, 12, 21, 33, 52 m/min 
f = 0.03, 0.08, 0.13, 0.20, 
0.25  mm/rev 
Flood water-
based cutting 
fluid 
Senthilkumar et al. 
[133]  
CFRP  
= not specified 
Ti6Al4V  
= not specified 
TiAlN coated WC-Co 
twist drills 
D = 6 mm 
φ = 118, 130° 
ψ = 20°, 30° 
Vc = 16 m/min 
f =  0.05 mm/rev 
Not specified 
Xu and Mansori, 
[102] 
CFRP  
= 7.5 mm 
Ti6Al4V  
= 6.7 mm 
Uncoated WC-Co    
twist drills 
D = 6.35 mm 
φ = 135° 
ψ = 20° 
TiAlN coated WC-Co 
twist drills 
D = 6.35 mm 
φ = 140° 
ψ = 27° 
Vc = 15, 30, 45, 60 m/min 
f =  0.03, 0.06, 0.09, 0.12, 
0.15 mm/rev 
 
Dry 
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Table 2.8: Detailed drill, cutting parameters and drilling environment involving conventional 
drilling of CFRP/Ti stacks using variable cutting parameters in the literature, 
(D = diameter, φ = point angle, ψ = helix angle, Vc = cutting speed, f = feed rate) 
References 
CFRP/Ti 
stacks 
thickness 
Drill Cutting parameters 
Drilling 
environment 
Beal et al. [134] CFRP  
= 7.5 mm 
Ti6Al4V  
= 6.7 mm 
Uncoated WC-Co    
twist drills 
D = 9.5 mm 
φ = 135° 
ψ = 28° 
CFRP 
Vc = 60, 180 m/min 
f = 0.08 mm/rev 
Ti6Al4V 
Vc = 12, 24 m/min 
f = 0.05 mm/rev 
Spray mist 
water-based 
cutting fluid 
Isbilir and 
Ghassemieh [37]  
CFRP  
= 20 mm 
Ti6Al4V  
= 20 mm 
TiAlN coated WC-Co 
twist drill 
D = 8 mm 
φ = 140° 
ψ = 45° 
CFRP  
Vc = 113 m/min 
f = 0.025 mm/rev 
Ti6Al4V 
Vc = 35 m/min 
f = 0.3 mm/rev 
Through tool 
water-based 
cutting fluid 
Park et al. [45]   CFRP  
= 7.5 mm 
Ti6Al4V  
= 6.7 mm 
Uncoated WC-Co and 
PCD twist drills 
D = 9.5 mm 
φ = 135° 
ψ = 28° 
CFRP  
Vc = 60, 180 m/min 
f =  0.07 mm/rev 
Ti6Al4V 
Vc = 12, 24 m/min 
f = 0.05 mm/rev 
Spray mist 
water-based 
cutting fluid 
Park et al. [135]  CFRP  
= 7.5 mm 
Ti6Al4V  
= 6.7 mm 
Uncoated and BAM 
(boron, aluminum, 
magnesium) coated 
WC-Co twist drills 
D = 9.5 mm 
φ = not specified 
ψ = not specified 
CFRP  
Vc = 60, 180 m/min 
f =  0.05 mm/rev 
Ti6Al4V 
Vc = 12, 24 m/min 
f = 0.05 mm/rev 
Spray mist 
water-based 
cutting fluid  
Park et al. [136] CFRP  
= 7.5 mm 
Ti6Al4V  
= 6.7 mm 
Uncoated WC-Co    
twist drills 
D = 9.5 mm 
φ = 135° 
ψ = 28° 
CFRP  
Vc = 60, 180 m/min 
f =  0.07 mm/rev 
Ti6Al4V 
Vc = 12, 24 m/min 
f = 0.05 mm/rev 
Spray mist 
water-based 
cutting fluid  
Poutord et al. 
[137] 
CFRP  
= 20.7 mm 
Ti6Al4V  
= 25.5 mm 
Uncoated WC-Co    
twist drills 
D = 12 mm 
φ = 140° 
ψ = 30° 
CFRP  
Vc = 100 m/min 
f =  0.05 mm/rev 
Ti6Al4V 
Vc = 10 m/min 
f = 0.2 mm/rev 
Dry 
Wang et al. [41]  CFRP  
= 7.5 mm 
Ti6Al4V  
= 6.7 mm 
Uncoated, TiAlN and 
nanocomposite coated 
WC-9%Co twist drills 
D = 9.5 mm 
φ = 135° 
ψ = 25° 
CFRP  
Vc = 180 m/min 
f =  0.07 mm/rev 
Ti6Al4V 
Vc = 15 m/min 
f = 0.05 mm/rev 
Dry, spray mist 
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2.8.2 Tool wear / life 
Cutting speed, feed rate and drilling environment (dry or with cutting fluid/coolant) 
are major factors which influence tool wear and tool life when drilling CFRP/Ti stacks. 
When drilling CFRP/Ti stacks using uniform cutting parameters, the flank wear has 
been reported to increase with increasing cutting speed and feed rate [103, 132] 
(detailed drilling parameters in Table 2.7). The flank wear accelerates with increasing 
cutting speed due to the effect of more heat being generated causing weakening of the 
cutting edges [103]. Whereas, the flank wear accelerates with increasing feed rate due 
to increased mechanical load being exerted on the cutting edges [103, 132]. However, 
the information of wear mechanisms which govern the wear rate and drill failure when 
drilling CFRP/Ti stacks conventionally using uniform cutting parameters was not 
included in the literature. Therefore, it is unclear which wear mechanisms are 
dominant, whether cutting edge rounding (abrasive wear), material adhesion followed 
by edge chipping (adhesive wear), merely edge fracture (attrition wear), a combination 
of all, or other types of wear occur.  
The knowledge of wear mechanisms which govern the tool failure is important so that 
tool life can be controlled. Since drilling CFRP and titanium alloy on an individual basis 
exhibit different tool wear mechanisms, as discussed previously in Sections 2.6.3 and 
2.7.3, it is useful to know the factors which influence the dominant wear mechanism 
and their relationship to the change in wear rate hence drill failure (from gradual to 
rapid or sudden). A more comprehensive study would include detailed information of 
tool wear mechanisms and how they affect the rate of tool wear and tool life (in the 
experimental work chapters).   
Nevertheless, in the case of drilling CFRP/Ti stacks with a change in cutting parameters 
between CFRP and titanium using carbide drills, Wang et al. [41] (drilling parameters 
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in Table 2.8) reported that abrasive wear which was indicated by cutting edge 
rounding was dominant, similar to the case of drilling CFRP-only. The flank wear after 
drilling 80 holes through CFRP/Ti stacks were 90 – 120 µm, which resembled those of 
drilling CFRP-only (90 – 120 µm after 80 holes), notably, lower than drilling Ti-only in 
which the drill failed after 46 holes due to substantial cutting edge chipping [41]. 
However, it is unclear how the longer tool life was achieved when drilling 
CFRP/Ti stacks compared to drilling Ti-only. The effect of cutting speed and feed rate 
on tool wear mechanisms was not investigated in their work [41]. 
In contrast, Isbilir and Ghassemieh [37] (drilling parameters shown in Table 2.8) 
argued that drilling CFRP/Ti stacks using carbide drills causes more rapid tool wear 
and a shorter tool life of 15 holes, compared to drilling CFRP-only (tool life of 56 holes) 
and Ti-only (tool life of 32 holes). The rapid drill failure when drilling CFRP/Ti stacks 
compared to drilling CFRP-only and Ti-only was attributed to the combination of 
multiple wear mechanisms [37], however, the detailed mode of tool wear mechanisms 
was not given.  
The various cutting parameters, drills and workpiece materials specification employed 
in the previous studies [37, 41] make it difficult to resolve which major factors 
contribute to the conflicting information of tool wear when comparing drilling 
CFRP/Ti stacks to those of drilling CFRP-only and Ti-only. Therefore, further work 
investigating the interaction between the multiple wear mechanisms when drilling 
CFRP/Ti stacks using uniform cutting parameters is required. 
A PCD drill is not favourable for drilling CFRP/Ti stacks as it has been reported to 
break and fail after 76 holes, compared to a carbide drill (WC-9%Co) which exhibited 
lower flank wear of 180 μm after 80 holes [45] (Table 2.8). The uncoated carbide drill 
has been shown to exhibit lower tool wear rate than TiAlN and nanocomposite 
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(nanocrystalline TiAlN grains surrounded by Si3N4 matrix) coated carbide drills, 
Figure 2.17 [41] (drilling parameters in Table 2.8). However, the authors [41] did not 
explain further the reason for the uncoated carbide drill outperforming both coated 
drills when drilling CFRP/Ti stacks. Similarly, a BAM coated carbide drill has been 
found to not exhibit marked improvement in tool life when drilling CFRP/Ti stacks 
compared to an uncoated carbide drill [135] (drilling parameters in Table 2.8), since 
the coating flaked from the carbide substrate after 40 holes. It is possible that the 
coated carbide drills have different carbide grades to allow adhesion with the coating, 
in which they are less hard and hence less wear resistant than the uncoated carbide 
drills. 
 
Figure 2.17: Comparison of flank wear of uncoated and coated carbide drills when drilling 
CFRP/Ti stacks [41] (detailed drilling parameters are in Table 2.8) 
 
2.8.3 Hole quality 
Similar to drilling CFRP and titanium alloy individually, CFRP delamination, CFRP pull-
out and titanium burr (as explained in Sections 2.6.4 and 2.7.4) occur when the 
materials are drilled together in a stack, Figure 2.18, which affect the hole quality. The 
combination of damage occurring to both materials makes controlling the hole quality 
in CFRP/Ti stacks more difficult.  
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Figure 2.18: Schematic and diagrams showing key features for determining the drilled hole 
quality in a CFRP/Ti stack 
2.8.3.1 CFRP delamination 
CFRP delamination at the hole entrance when drilling CFRP/Ti stacks has been 
reported to be mainly influenced by the use of feed rate [102], which is similar to the 
case when drilling CFRP-only as discussed in Section 2.6.4.1. The entrance 
delamination increased (FD = 1.01 – 1.15) with increasing feed rate from 0.03 to 
0.15 mm/rev, due to an increase in thrust forces, regardless of cutting speeds (15 – 
60 m/min), whereas no distinctive trend has been deduced regarding the effect of 
cutting speed [102].  
However, it is unclear whether the CFRP entrance delamination when drilling in a stack 
with titanium is equal, more or less than the case of drilling CFRP-only since it has not 
been directly compared in a single study. Even though there are extensive studies on 
CFRP delamination when drilling individually, it is difficult to directly compare with the 
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studies involving drilling of CFRP/Ti stacks in the literature because of the use of a 
different range of cutting parameters, drill geometry and drilling environment.  
2.8.3.2 CFRP pull-out 
Quantitative analysis of the amount of CFRP pull out from the machined surface when 
drilling CFRP/Ti stacks has not been reported in the literature. Nevertheless, several 
studies [103, 132] have described the fibre pull-out subjectively, and several authors 
[37, 39] have measured the surface roughness (Ra) of the machined CFRP as a way to 
describe its surface topography when drilling in a stack with titanium. Isbilir and 
Ghassemieh [37] reported that the machined surface roughness of CFRP when drilling 
CFRP/Ti stacks were 15% – 70% higher compared to the surface roughness of CFRP 
that was drilled individually, however, no further explanation was provided. The fibre 
breakout and pull-out from the machined surface of CFRP, and hence the surface 
roughness, is expected to be higher when drilling CFRP/Ti stacks due to the influence 
of the hot and work hardened titanium chips as they evacuate from the holes, although 
further work is needed for confirmation.  
Similar to the case of drilling CFRP individually, high cutting force is also regarded as a 
factor that causes fibre pull-out when drilling CFRP/Ti stacks [132]. The machined 
surface of CFRP has been observed to exhibit more severe fibre pull-out and fractured 
(visually) when CFRP/Ti stacks were drilled using a higher feed rate of 0.25 mm/rev 
due to higher thrust forces of 200 – 300 N compared to when using a lower feed rate of 
0.03 mm/rev which generated lower thrust forces of 40 – 100 N [132]. In contrast, the 
effect of cutting speed on the fibre pull-out is unclear in the literature, hence further 
investigation is required. 
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2.8.3.3 Titanium burr 
Several researchers [37, 39, 132] have investigated the factors that govern titanium 
burr formation when drilling CFRP/Ti stacks. In terms of cutting parameters, Ramulu 
et al. [132] found that the burr was influenced by cutting speed (6 – 52 m/min), while 
feed rate (0.03 – 0.25 mm/rev) was not a major factor for burr formation. The titanium 
burr height at the hole exit increased from 0.1 to 0.8 mm as cutting speed increased 
from 6 to 52 m/min at a constant feed rate of 0.08 mm/rev when drilling 
CFRP/Ti stacks with an uncoated carbide drill [132]. However, the study [132] failed to 
acknowledge the significant influence of tool wear, caused by drilling with various 
cutting parameters which can also affect the burr formation. It would have been more 
useful if the information on the number of holes drilled and at which hole number the 
burr measurement was performed was included. Nevertheless, others [37, 39] have 
shown that titanium burr height increased with increasing hole number, which is 
expected, due to increasing tool wear. 
2.8.3.4 Hole diameter 
In addition to the unique machining-induced damage of the individual materials, the 
main important characteristic that describes the hole quality in CFRP/Ti stacks is the 
consistency in diameter between the holes in CFRP and titanium. The different 
structure and properties between CFRP and titanium alloys lead to complex cutting 
mechanisms, tool wear mechanisms, chips morphology, cutting forces and heat 
generation, which result in the difficulty in achieving dimensional accuracy and 
consistency in holes produced in CFRP and titanium panels.  
Several studies on drilling CFRP/Ti stacks have included the analysis of hole diameters 
in CFRP and titanium [39, 102, 103], however, the consistency between the holes in 
CFRP and titanium with respect to cutting parameters and tool wear has not been 
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explained. It has been shown that the diameter of holes in CFRP was equivalent to the 
nominal diameter of the drill (6.35 mm) when drilling with flood cutting fluid [39]. 
Drilling CFRP/Ti stacks using spray mist cutting fluid however produced larger holes in 
CFRP (6.42 – 6.44 mm), which was attributed to insufficient cooling in the cutting zone, 
hence the hot titanium chips removed more CFRP material as they evacuated through 
CFRP holes [39]. In contrast, the hole diameter in titanium has been reported to be not 
affected by the use of either flood or spray mist cutting fluid [39].  
In terms of cutting parameters, Xu and Mansori [102] (drilling parameters in Table 2.7) 
found no significant trend in hole diameter in both CFRP and titanium in a stack with 
increasing cutting speed and feed rate. In contrast, Kim and Ramulu [103] (drilling 
parameters in Table 2.7) reported that the deviation in hole diameter increased (10 – 
40 µm) with increasing cutting speed and feed rate when drilling with a 6 mm diameter 
carbide drill. However, it is unclear if the tool wear is a dominant factor contributing to 
the deviation in the hole diameter. The main weaknesses of these studies were that 
they considered a small sample size (5 holes for each cutting parameter [102]) and the 
effect of tool wear was overlooked. This causes difficulty to deduce the results and 
make a distinction in the contribution of cutting speed, feed rate and tool wear on the 
hole quality. Therefore, a more comprehensive study on the effect of cutting 
parameters on the damage of the drilled materials and hole diameter, considering the 
factors of tool wear and cutting forces, including a larger sample size is required.   
 
Chapter 2:  Literature Review 
 58 
2.9 An overview of ultrasonic assisted drilling  
Ultrasonic Assisted Drilling (UAD) is a hybrid drilling process referring to the 
combination of conventional drilling and ultrasonic vibration applied to the drill. This 
means that the workpiece material is removed by forming a chip in a conventional 
mode, which involves physical contact between the workpiece and the drill that is 
vibrated ultrasonically. During UAD, the ultrasonic vibration (oscillation) is normally 
superimposed on the drill’s feed, which is in an axial direction (parallel to the axis of 
drill’s rotation). As illustrated in Figure 2.19, UAD is conducted by transmitting an 
electrical signal by induction from the transmitter segment at the tool spindle to the 
receiver coil of the tool holder (or ultrasonic actuator), which contains piezoelectric 
crystals [138]. The voltage makes the piezoelectric crystals vibrated. The mechanical 
vibration is then transferred to the drill to vibrate it in an axial direction.    
 
Figure 2.19: Ultrasonic Assisted Drilling [138] 
Henceforth in this thesis, conventional drilling will be termed as CD, for comparison 
with UAD. Compared to CD, the main parameters that govern the UAD are the 
frequency (fv) and amplitude (a) of the ultrasonic vibration. The frequency of ultrasonic 
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vibration that has been used during UAD in the literature is within the range of 20 to 
50 kHz, and the amplitude is between 2 to 20 µm [138-142].  
UAD should not be confused with Low Frequency Vibration Assisted Drilling (LFVAD). 
LFVAD involves a similar concept to UAD, in that it is also a hybrid drilling operation, 
combining drilling by conventional mode and vibration of the drill. However, the main 
difference between UAD and LFVAD is that LFVAD employs much lower frequency 
(usually less than 200 Hz) and much higher amplitude (usually higher than 100 µm); 
these are far beyond the range of amplitude and frequency of ultrasonic vibration. The 
main aim of LFVAD is to improve metallic chip evacuation by breaking the long chips 
and forming shorter chips as the drill oscillates during drilling. This is achieved by 
periodically disengaging the cutting edges from the workpiece, which prevents 
continuous cutting, thereby restricting the formation of long and continuous chips. This 
means that intermittent cutting occurs during LFVAD, thereby forming shorter and 
broken chips.  
LFVAD has been successfully applied on CFRP/Ti stacks as it has been shown that the 
attainable smaller and broken Ti chips in LFVAD do improve the machined surface 
finish of CFRP, which is attributed to the improved evacuation of the chips compared to 
the long chip produced by conventional drilling [143-145]. However, to date, the 
possibility of improving chip evacuation, machined surface finish and tool wear during 
UAD of CFRP/Ti stacks remains unanswered, despite the growing availability of 
machine tools equipped with UAD, which has thus triggered this research. Since there 
is limited literature involving UAD of CFRP/Ti stacks, the following Sections 2.9.1, 2.9.2, 
and 2.9.3 will review previous studies involving UAD of CFRP and titanium alloy 
individually, while also considering LFVAD of CFRP/Ti stacks. UAD of CFRP/Ti stacks 
will be investigated and discussed in the Chapters of Experimental Work. 
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2.9.1 Cutting force  
Previous studies involving UAD of CFRP-only [140-142, 146] and titanium-only [141, 
147, 148] focused on cutting forces, while little attention was given to the study of tool 
wear and hole quality compared to CD. The use of a higher value of ultrasonic 
amplitude and lower cutting speed has been recognised as the factors that cause a 
reduction in cutting force during UAD compared to CD. Pujana et al. [147] have shown 
that the thrust force during UAD of titanium Ti6Al4V reduced from 400 to 380 to 200 N 
with the increase in the ultrasonic peak-to-peak amplitude from 2 to 5 to 9 µm at a 
frequency of 17.7 kHz, compared to CD, which generated a higher thrust force of 400 N 
(cutting speed = 25 m/min, feed rate = 0.1 mm/rev). The higher vibration amplitude 
indicates that the drill feeds further and oscillates backward more, alternately, in one 
cycle of the drill oscillation, Figure 2.20.  
 
Figure 2.20: Schematic of amplitude and frequency of the ultrasonic vibration / oscillation 
The effect of greater drill oscillation has been suggested to improve the drill’s 
penetration and might intermittently disengage the cutting edges from the workpiece, 
which was considered as the reason for cutting force reduction in UAD [140, 148]. 
Maximising the amplitude of ultrasonic vibration at a resonant frequency has been 
recommended to cause a greater reduction in cutting force during UAD compared to 
CD [147]. 
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With regard to cutting speed, it has been suggested that using a cutting speed that is 
lower than the vibration speed of the drill is important for cutting force reduction, 
otherwise the cutting force in UAD is similar to the case of CD [149]. The vibration 
speed (Vv) of the drill during UAD, which is how fast the drill oscillates back and forth 
per unit time, is influenced by the amplitude and frequency of the ultrasonic vibration, 
which can be calculated using the formula: 
Vv = 2π . fv . a    ………….…………………………………………………….………………….…(1)    
Where, Vv = vibration speed, a = amplitude of the ultrasonic vibration (in µm), 
fv = frequency of the vibration (in kHz), and π = 3.142 (constant). Multiplying the 
amplitude (in µm) and frequency (in kHz) results in the vibration speed (in mm/s). Due 
to the rotation of the drill during drilling, angular frequency has to be considered in 
calculating the vibration speed. It is established that one revolution of the cutting tool 
is equal to 2π radians (hence the frequency has to be multiplied by the constant 2π 
radians) [150].  
It has been shown that the average thrust force generated during UAD of CFRP-only 
and titanium alloy-only is 4% to 90% lower than CD of the materials [140-142, 147, 
148]. The highest percentage reduction by 90% in cutting forces during UAD (peak-to-
peak amplitude = 12 µm, frequency = 28 kHz) of CFRP compared to CD has been 
reported by Makhdum et al. [140], which employed a cutting speed of 0.38 m/min and 
feed rates of 0.1 – 0.4 mm/rev using a carbide drill. The vibration speed of the drill was 
calculated using the equation (1), which is 127 m/min that is 334 times higher than the 
cutting speed. However, the cutting speed (0.38 m/min) employed in their work [140] 
is not practical and too slow for industrial application. Using a more practical cutting 
speed of 28 m/min and a feed rate of 0.05 mm/rev during UAD of CFRP (ultrasonic 
peak-to-peak amplitude = 15 µm, frequency = 26 kHz), Sanda et al. [141] found that the 
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average thrust force was 26% lower than CD. The vibration speed of the drill was 
147 m/min, which was calculated using equation (1). The percentage of force 
reduction reduced to 12% and 7% with the increase in cutting speeds of 34 and 
40 m/min, respectively.  
In the same paper, Sanda et al. [141] also reported that thrust force during UAD of 
titanium Ti6Al4V individually was 16% lower than CD when using a cutting speed of 
12 m/min and feed rate of 0.03 mm/rev. However, the authors [141] found higher 
percentages of force reduction by 32% and 27% during UAD compared to CD, when the 
cutting speed was increased to 19 and 25 m/min, respectively. This finding suggests 
that a reduction in cutting speed does not necessarily result in greater force reduction 
in UAD compared to CD. The main weakness of the study is that the contribution of tool 
wear on the cutting force is unknown. It is possible that the factor of increased tool 
wear influences the result of thrust force. It would have been more convincing if they 
had included the information on the number of holes drilled and tool wear, so that it 
would be clear whether the thrust force is affected by tool wear or solely attributed to 
the application of UAD. 
The reason for lower cutting forces in UAD compared to CD that has been reported in 
the literature is not convincing. Despite several studies [140, 141] which have claimed 
that the lower cutting force in UAD than CD is due to intermittent disengagement of the 
cutting edges from the workpiece, no evidence has been provided to show that this 
takes place. Nevertheless, the occurrence of cutting edges disengagement from the 
workpiece and intermittent cutting has been demonstrated during LFVAD of 
CFRP/Ti stacks. The disengagement of the cutting edges from the workpiece means 
that the cutting edges are not in contact with the workpiece, hence no workpiece 
material is removed at that time. Lonfier et al. [145] investigated the thrust force 
profiles and demonstrated that the value reduced to 0 N from 1100 N, at a regular 
Chapter 2:  Literature Review 
 63 
interval (every 0.05 seconds) during LFVAD of titanium Ti6Al4V, Figure 2.21 (a). The 
vibration frequency used was 28 Hz, although the amplitude was not specified.  
 
 
Figure 2.21: (a) Thrust force profile during LFVAD of Ti6Al4V using a cutting speed of 27 m/min 
and feed rate of 0.06 mm/rev [145], (b) comparison of thrust force profiles during 
CD and LFVAD of Ti6Al4V using a cutting speed of 15 m/min and feed rate of 
0.075 mm/rev [143] 
 
The observation of thrust forces approaching 0 N periodically during LFVAD supports 
the claim that the cutting edges are disengaged periodically causing intermittent 
cutting. In the paper [145] however, it is unknown how the thrust force profile during 
LFVAD differs from CD, since the thrust force profile of CD was not included. Referring 
to Figure 2.21 (a), it is reasonable to assume that the thrust force during CD of Ti6Al4V 
in the study [145] was constantly at 1110 N as the cutting was continuous. When 
evaluating a relatively new drilling operation such as LFVAD and UAD, it is important 
that the machining data (e.g. thrust force profile) is compared against those of CD. 
Otherwise, it is unclear whether any improvement has been made.   
To justify the continuous cutting in CD and intermittent cutting in LFVAD, Pecat and 
Brinksmeier [143] compared the thrust force profiles during LFVAD (amplitude = 
115 µm, frequency = 25 Hz) of Ti6Al4V against CD. As seen in Figure 2.21 (b), it is 
apparent that the thrust force during LFVAD were within 0 – 1000 N, which indicated 
that the cutting edges disengaged from the workpiece intermittently and the drill fed 
further into the workpiece during LFVAD, whereas the thrust force during CD was 
constantly at 420 N. It would be useful to investigate if the same case would occur 
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during UAD of CFRP/Ti stacks since UAD relies on the same concept of drill oscillation 
(although UAD uses 10 times lower amplitude and 1000 times higher frequency than 
LFVAD), to show that whether cutting edges disengage and intermittent cutting occurs 
during UAD as claimed by many researchers.  
2.9.2 Tool wear 
The tool wear and tool life during UAD of CFRP and titanium alloy compared to CD are 
unclear due to the lack of studies reporting the aspect of tool wear during UAD in the 
literature. Makhdum et al. [140] reported that the flank wear of a TiN coated carbide 
drill after UAD (peak-to-peak amplitude = 12µm, frequency = 28 kHz) of 50 holes 
through 10 mm-thick CFRP using a cutting speed of 0.4 m/min and 0.2 mm/rev, was 
4.5 µm, while CD exhibited a flank wear of 5.1 µm. This information however is not 
very useful in determining whether the drill performance and tool life in UAD were 
better than CD, since the tool wear mechanism was not included. In addition, the 
reported flank wear of 4.5 µm for UAD and 5.1 µm for CD are regarded as negligible 
since the standard maximum flank wear before the end of tool life is 300 µm, following 
ISO 3685:1993 [151]. It is also important to note that the cutting speed used in the 
study [140] was too low (0.4 m/min) and not practical for industrial application.  
A more comprehensive study on tool wear during UAD of CFRP/Ti stacks in 
comparison to CD using more practical cutting speeds is required. Nevertheless, it has 
been shown that LFVAD of CFRP/Ti stacks caused cutting edge rounding with less 
titanium adhesion on the cutting edges [143]. This was associated to less contact 
between the cutting edges and workpiece during LFVAD due to intermittent 
disengagement of the cutting edges, compared to continuous cutting in CD which 
exhibited more titanium adhesion and edge chipping [143]. The experimental work in 
this thesis focused on the application of UAD of CFRP/Ti stacks. LFVAD is not the 
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interest, although a relevant study in the literature on LFVAD of CFRP/Ti stacks [143] 
is included here due to the similarity in the concept and very limited previous studies 
on UAD of CFRP/Ti stacks. 
2.9.3 Hole quality 
The use of UAD for making holes in CFRP individually has been reported to result in 
20% – 40% lower entrance delamination, exit delamination and surface roughness 
(Ra), which were attributed to the lower cutting forces compared to CD [140, 141]. 
With regard to the machined surface roughness of holes in CFRP, it has been suggested 
that the lower Ra caused by UAD was due to the polishing effect on the machined 
surface as the drill oscillated back and forth, compared to the continuous feed in CD 
[141] although no evidence was provided. Determining the machined surface quality of 
CFRP based on Ra measurement only is not sufficient. It would have been more 
convincing if the authors [140, 141] had provided the images of the machined surfaces 
to resolve whether UAD produced less fibre breakage and pull-out compared to CD. As 
for titanium alloy, it has been reported that the burr height of 75 holes produced by 
UAD and CD exhibits no significant difference (similar range of 60 – 120 μm) when 
using a cutting speed of 8.8 m/min and feed rate of 0.02 mm/rev [141]. No other work 
involving UAD which investigates the titanium burr formation has been found. Also, the 
machined surface finish of titanium and the consistency of the hole diameter in 
CFRP/Ti stacks produced by UAD compared to CD has not been reported. 
Another important aspect which must be considered during UAD of CFRP/Ti stacks is 
the influence of titanium chip on CFRP damage, yet this has not been shown in the 
literature. Previous studies of LFVAD of titanium individually [152] and CFRP/Ti stacks 
[144] suggested that intermittent cutting produces discontinuous titanium chip, which 
improves the chip evacuation, hence improving the machined surface finish of CFRP. In 
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comparison to LFVAD, CD produces long chips, leading to chip clogging in the flutes, 
hence damaging the machined surface [144]. The impact of the drill vibration during 
drilling has been reported to cause pulverisation of titanium chips, which results in 
broken chips. For this to occur, it has been suggested that the amplitude of the drill 
vibration must be high enough (e.g. higher than the feed rate) [152, 153]. This is 
unlikely to occur in UAD, since the amplitude of ultrasonic vibration is too low 
(typically less than 10 μm) and it is uncommon to use a very low feed rate (less than 
0.01 mm/rev) due to concern over productivity. However, further investigation 
regarding UAD of CFRP/Ti stacks is required to investigate the cutting mechanism and 
to establish whether the process can improve the hole quality of CFRP/Ti stacks 
compared to CD.  
2.10 Summary of literature review  
Despite extensive research involving CFRP and titanium alloy Ti6Al4V individually, 
little is reported about the machinability of the materials when drilling together in a 
stack. The knowledge gap and some areas that require further investigation are 
summarised as follow:     
 There has been limited literature to understand the machinability of 
CFRP/Ti stacks in terms of tool wear and hole quality when drilling using 
uniform cutting parameters. Thus, drilling of CFRP/Ti stacks using a set of 
uniform cutting parameters was pursued in the experimental work due to 
practicality for industrial application, instead of using variable cutting 
parameters through the CFRP and titanium layers of the stack.  
 A comprehensive study comparing drilling of CFRP/Ti stacks with drilling of 
CFRP and titanium individually is required to understand how the interaction 
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between different wear mechanisms affects the tool life. The knowledge of the 
wear mechanisms and the way the tool would fail is useful as a basis to control 
the tool life.  
 Hole quality in CFRP/Ti stacks is affected by inconsistency in hole diameter and 
damage to the holes (e.g. CFRP delamination, CFRP pull-out, titanium burr). The 
majority of previous studies involving drilling of CFRP/Ti stacks, which 
investigated how hole quality was affected by the change in cutting speed and 
feed rate, paid little attention to the factor of tool wear. A distinction between the 
effect of using the cutting parameters on tool wear considering a larger sample 
size, and how does it affect the hole quality needs to be drawn. 
 UAD has been emphasised as a promising machining technique to reduce cutting 
forces when drilling materials on an individual basis (not in stacks), however, 
limited information of tool wear and hole quality has been given. Specifically, 
limited research has been published to understand the UAD application on 
CFRP/Ti stacks. Investigation of how UAD of CFRP/Ti stacks affects the tool 
wear, the accuracy and consistency of hole diameter, and the extent of damage to 
the drilled holes compared to conventional drilling need to be established.  
 Previous studies have claimed that intermittent cutting (periodic disengagement 
between the cutting edges and the workpiece) occurs during UAD, which is likely 
the reason for lower cutting forces compared to CD, however, evidence has not 
been provided. Further work investigating the thrust force profile and chip 
morphology during UAD in comparison to CD is required to show whether 
intermittent cutting occurs as shown in the case of LFVAD in the literature.  
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Chapter 3      Experimental Methodology 
3.1 Workpiece materials 
3.1.1  Carbon fibre reinforced polymer 
The CFRP used throughout this research was 4 mm thick CFRP 5250-4 BMI panels 
supplied by BAE Systems. The typical mechanical properties of CFRP 5250-4 BMI, 
obtained from the Cytec material data sheet [154] are shown in Table 3.1. The CFRP 
panels comprised 28 plies of uni-directional carbon fibres bonded with bismaleimide 
(BMI) resin matrix. A cross-section of a CFRP panel showing the microstructure and 
fibre orientation of each ply (0°, 45°, 90°) is shown in Table 3.2. Each ply thickness was 
within the range of 130 to 155 µm.  
Table 3.1: Typical mechanical properties and glass transition temperature of CFRP 5250-4 BMI 
[154] 
Specification Value 
Density  1.25 g/cm3 
Tensile strength  103 MPa 
Tensile modulus  4.6 GPa 
Flexural strength  163 MPa 
Glass transition temperature, Tg 270 °C 
Carbon fibre volume fraction 60% 
BMI matrix volume fraction 40% 
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Table 3.2: Orientation of carbon fibres within CFRP 5250-4 BMI (sectioned parallel to 0˚) 
Ply Number 
Carbon Fibre 
Orientation 
*Carbon Fibre Diameter: 
2 – 3 μm 
1 45˚ 
 
2 45˚ 
 
3 90˚ 
 
4 90˚ 
 
5 45˚ 
 
6 0˚ 
 
7 45˚ 
 
8 90˚ 
 
9 45˚ 
 
10 0˚ 
 
11 45˚ 
 
12 45˚ 
 
13 45˚ 
 
14 0˚ 
 
15 0˚ 
 
16 45˚ 
 
17 45˚ 
 
18 45˚ 
 
19 0˚ 
 
20 45˚ 
 
21 90˚ 
 
22 45˚ 
 
23 0˚ 
 
24 45˚ 
 
25 90˚ 
 
26 90˚ 
 
27 45˚ 
 
28 45˚ 
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3.1.2 Titanium alloy  
The titanium alloy used in all drilling trials was Ti6Al4V (also known as Ti64 or 
grade 5), and was supplied by BAE Systems. Typical composition and mechanical 
properties of Ti6Al4V are summarised in Tables 3.3 and 3.4. The hardness of the 
Ti6Al4V workpiece was measured to be 346 HV. Figure 3.1 (a) shows that the Ti6Al4V 
in this work has fine grains comprising a mixture of globular α-phase and lamellar β-
phase. The uniform direction of the grains was due to rolling process used to produce 
the 4 mm thick sheet. The workpiece material was verified as Ti6Al4V by Energy 
Dispersive X-ray Spectroscopy (EDS) analysis, Figure 3.1 (b). For simplicity, henceforth, 
Ti6Al4V will be referred as Ti, throughout the experimental work in this thesis. 
                    Table 3.3: Typical composition of technical grade titanium alloy Ti6Al4V [30] 
Chemical Composition Weight % 
Titanium, Ti Remainder (~90) 
Aluminium, Al 5.5 – 6.75 
Vanadium, V 3.5 – 4.5 
Oxygen, O 0.20 
Iron, Fe 0.03 
Carbon, C 0.08 
Molybdenum, Mo <0.01 
Manganese, Mn <0.01 
Silicon, Si <0.01 
 
                    Table 3.4: Typical mechanical properties of Ti6Al4V [30] 
Specification Value 
Density  4500 kg/m3 
Tensile strength 1170 MPa 
Modulus of elasticity 114 GPa 
Thermal conductivity 15 W/m.°C 
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          b) 
 
Figure 3.1: (a) Microstructure (cross section) of the Ti6Al4V workpiece used in all experimental 
work; blue arrows show the α-phase, and red arrows show the lamellar β-phase, 
(b) EDS analysis of the Ti6Al4V workpiece 
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3.1.3 CFRP/Ti stacks   
The CFRP/Ti stacks were made by adhesive joining the CFRP and Ti panels. The 
adhesive used was Epoxy Loctite Hysol 9492 (supplied by Henkel). A uniform thickness 
of the adhesive was maintained at 0.3 mm by spreading a limited and small amount of 
0.3 mm-diameter glass beads within the adhesive. The stacks were then clamped in a 
fixture, Figure 3.2, and left for five days at room temperature (22 °C) for the adhesive 
to fully cure. The CFRP/Ti stacks had an overall size of 8.3 mm. Figure 3.3 shows a 
finished CFRP/Ti stack, ready for drilling trials. All drilling trials were conducted by 
drilling from CFRP side of the stack. The effect of adhesive on tool wear and hole 
quality was assumed to be negligible.  
 
Figure 3.2: Setup for making CFRP/Ti stacks 
 
 
Figure 3.3: A CFRP/Ti stack for drilling work 
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3.2 Drills 
The drill (geometry and material) was kept constant throughout experimental work. 
All drills employed were Sandvik Corodrill R840-0610-30-A0A, which were two-flute 
tungsten carbide twist drills, having a diameter of 6.1 mm with point and helix angles 
of 140° and 35°, respectively. This drill has been specifically employed by BAE systems 
for drilling CFRP/Ti stacks. The details of the drills are indicated in Figure 3.4 and 
Table 3.5. Based on the literature [45, 133], a tungsten carbide drill appears the most 
practical for drilling both CFRP and titanium alloys due to the balanced toughness and 
hardness, which is appropriate for both materials in the stack. In addition, the 140° 
point angle assists in achieving reliable tool life when drilling CFRP/Ti stacks. The large 
helix angle of 35° is required to allow the flow of the Ti chips through the flutes. 
  
Figure 3.4: Schematic of Sandvik Corodrill R840-0610-30-A0A [155]  
 
Table 3.5: Detail of Sandvik Corodrill R840-0610-30-A0A [155] 
Specification Detail 
Tool material Straight tungsten carbide (WC-9% Co) 
Drill diameter, D 6.1 mm 
Overall length, L1 82 mm 
Cutting length, L2 44 mm 
Point angle 140° 
Helix angle 35° 
Clearance angle 10° 
Number of flutes 2 
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At BAE Systems, a drill is typically re-ground up to three times in order to minimize 
tooling costs. Therefore, reground drills were supplied by BAE Systems and employed 
for this research instead of new ones, since reground drills represent actual production 
conditions and typical practice in the industry. Hence, the data and finding from this 
work will be representative of actual production. All reground drills were thoroughly 
inspected via optical and Scanning Electron Microscopy (SEM) prior to performing 
drilling tests. The geometry of the drills was confirmed to be consistent, although the 
coating condition was different from new drills. There was no coating at the cutting 
edges and the flank faces of the drill as it was removed during the regrinding process. 
However, the TiAlN coating was fully intact at the rake faces and flutes of the drills, 
Figure 3.5.       
 
Figure 3.5: Reground, Sandvik Corodrill R840-0610-30-A0A, provided by BAE Systems 
The drills also underwent cutting edge preparation (CEP) or chamfering to produce a 
radius of 70 μm to strengthen the cutting edges, Figures 3.5 (b) and 3.6 (a). Chamfered 
cutting edges are stronger and are recommended for drilling titanium alloy, compared 
to extremely sharp cutting edges which are more prone to being fractured [108]. 
Figure 3.6 (b) is a high magnification SEM image, showing the condition of the tungsten 
carbide (WC) grains and cobalt (Co) binder at the cutting edge prior to drilling. The 
material of the drill (at the cutting edge) was confirmed to be purely WC and Co by 
EDS analysis, Figure 3.7. 
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 Figure 3.6: SEM micrographs showing (a) cutting edge preparation (CEP) and (b) condition of 
tungsten carbide grains (WC) and cobalt (Co) binder at the cutting edge prior to 
drilling operations 
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Figure 3.7: EDS analysis of drill substrate at the cutting edge, indicating tungsten carbide (WC) 
and cobalt (Co) elements 
 
3.3 Experimental equipment and methodology 
3.3.1 Machine tool 
A DMG MORI Ultrasonic 65 was used for all drilling operations, Figure 3.8. It is a 
commercially available 5-axis machining centre, with a continuously variable spindle 
speed up to 18,000 rpm and feed capability up to 40 m/min, and equipped with 
ultrasonic assisted machining capability.  
 
Figure 3.8: (a) DMG MORI Ultrasonic 65 machine tool, (b) Ultrasonic actuator for drilling 
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The working principle of transferring the ultrasonic vibration to the cutting tool on this 
machine tool was explained previously in Section 2.9. The machine determines the 
ultrasonic frequency to give the optimal ultrasonic amplitude at the resonant 
frequency for the particular drill. The frequency and amplitude of the ultrasonic 
vibration determine the vibration speed of the drill during UAD, as detailed in 
Section 2.9.1. Whilst the exact value of the ultrasonic frequency (in Hz) is displayed on 
the machine controller screen, the exact value of the ultrasonic amplitude is not. 
Therefore, an external laser sensor device was used for measuring the ultrasonic 
amplitude, Section 3.3.1.1.  
3.3.1.1 Ultrasonic amplitude measurement 
The ultrasonic amplitude of the cutting tool was measured using a Keyence laser 
sensor device (repeatability of 0.02 μm) [156], Figure 3.9, connected to a computer 
equipped with LK-Navigator software for analysing the ultrasonic vibration signals. 
The laser beam was set up straight, perpendicular to the flat surface (flank) of the 
cutting edges to reflect the laser, and the signal was processed by the LK-Navigator 
software.  
 
Figure 3.9: Ultrasonic vibration measurement setup, (a) the overview (b) the red light on the 
cutting edge is the laser which read ultrasonic signals 
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Figure 3.10 (a) shows the vibration waves displayed as detected by the laser, indicating 
(i) the natural vibration of the machine tool when the ultrasonic was turned off, and 
(ii) the ultrasonic vibration of the cutting tool when the ultrasonic actuator was 
turned on. Figure 3.10 (b) shows a magnified view of the ultrasonic oscillation. The 
peak-to-peak amplitude of the drill oscillation (during UAD) was determined by 
measuring the difference between the highest and the lowest peaks, Figure 3.10 (b). 
 
 
Figure 3.10: (a) Ultrasonic vibration profile, (b) measurement of peak-to-peak ultrasonic 
amplitude 
 
 
 
Chapter 3:  Experimental Methodology 
 79 
3.3.2 Data acquisition equipment and procedure   
3.3.2.1 Cutting force and torque 
Thrust force and torque during drilling were measured using Kistler piezo-electric 
dynamometer Type 9257B, Figure 3.11 (a). This dynamometer was connected to a data 
acquisition system consisting of a multi-channel charge amplifier and data acquisition 
box, Figure 3.11 (b), which was connected to a computer equipped with Dynoware 
software. The dynamometer consists of built-in force sensors, which detect the force 
exerted in the X, Y and Z directions. The workpiece was clamped on top of the 
dynamometer. The signals from the dynamometer were converted into the respective 
forces, and torque was calculated by the Dynoware software. For drilling, only 
thrust force (Fz) and torque (Mz) were considered since the direction of the drilling 
and feed was in the Z direction. Forces were measured when drilling the 1st, 2nd, 3rd and 
every 10th holes.  
 
 
Figure 3.11: Kistler dynamometer 9257B used for measuring cutting force during drilling 
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3.3.2.2 Tool wear    
Tool wear was examined and quantified using Nikon SMZ 74 ST optical microscope, 
Figure 3.12, connected to a computer with Carl Zeiss image analysis software. Drillis 
were examined after drilling the 1st, 2nd, 3rd and each subsequent 10th holies until the 
end of drilling tirialis. The drill (attiached to the tool holidier) was taken out from the 
machine tool and pliaced undier the optical microscope, Figure 3.12, and tool wear was 
photographed and recordied using the Carl Zeiss software.  
 
Figure 3.12: Nikon SMZ 74 ST optical microscope for measuring tool wear 
In some instances when drilling CFRP/Ti stacks, the adherent titanium on the cutting 
edges masked the worn cutting edges and made it difficult to measure the wear. Taking 
advantage of the abrasive CFRP, which alternately removed the adhering titanium 
during drilling the stacks and revealing the worn cutting edges, the flank wear was 
measured after drilling CFRP and before drilling Ti. Figure 3.13 details the 
measurement of the flank wear. The wear was the difference between the original 
lengths, Figure 3.13 (a), and the length of the cutting edge after drilling, Figure 3.13 (b), 
in which the maximum was considered as in equation (2) for evaluation: 
Flank wear = Maximum of [(A0 - A10), (B0 - B10), (C0 - C10)]    ………….(2) 
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Figure 3.13: Measurement of flank wear; (a) new cutting edge, (b) clean cutting edge showing the 
worn surface after drilling CFRP; A10, B10 and C10 indicate 10 holes, (c) titanium 
adhesion on the cutting edge after drilling through Ti layer of the stack  
Flank wear was measured until the end of tool life or up to 80 holes (due to the 
limitation of workpiece material) in the case when the tool life was above 80 holes. 
According to ISO 3685:1993 (E) standard [151], tool life ends when maximum flank 
wear reaches 300 μm. In this experimental work, however, end of tool life was 
regarded as when the wear reached 200 μm, in accordance with BAE Systems end of 
tool life. Further investigation of tool wear mechanisms at higher magnification was 
carried out using Scanning Electron Microscopy (SEM) (Model: Carl Zeiss Ʃigma), 
integrated with SmartSEM (image navigation software), Figure 3.14.  
 
Figure 3.14: Carl Zeiss Scanning Electron Microscope (SEM) 
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Further examination, measurement and analysis of the volume of titanium adhered on 
the cutting edges after drilling tests were performed using a 3D micro-coordinate 
measuring microscope, Alicona Infinite Focus G5, Figure 3.15. The drill was scanned 
optically to generate 3D images, and the volume of adhered material on the cutting 
edges was measured in the Alicona software based on the 3D images.     
 
Figure 3.15: Alicona surface profilometer 
 
3.3.2.3 Temperature during drilling 
Omega Type-K thermocouples, Figure 3.16 (a), comprising thermocouple wires having 
a diameter of 0.30 mm were used because of instantaneous response times (0.2 – 
0.6 seconds). The thermocouple had a thermal sensitivity of 41µv/°C and able to 
measure temperature in the range of -100 to 600 °C. The limit of error for the Type K 
thermocouples was 2.2 °C. The thermocouples measurement were checked by 
measuring temperatures of boiling water which were confirmed to be 98 – 100 °C. For 
measuring temperatures during drilling, the thermocouple conductors were attached 
to the workpiece and positioned 1 mm from where the hole was to be drilled, 
Figure 3.17. The connector of the thermocouples was connected to the thermocouple 
data logger, Picolog TC-08, Figure 3.16 (b). The data logger was then connected to the 
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USB port of a computer, which was equipped with Picolog Data Acquisition software 
whereby the recorded temperature was displayed and analysed. 
 
 
Figure 3.16: (a) Omega Type-K thermocouple for measuring cutting temperature (diameter of the 
heat conductor / sensor = 1 mm), (b) thermocouple data logger, Picolog TC08 
 
 
Figure 3.17: Thermocouples’ positions for measuring temperatures when drilling CFRP/Ti stacks 
 
3.3.2.4 Hole quality measurement  
3.3.2.4.1 Hole diameter 
The diameter of holes drilled in CFRP and Ti was measured using a three-points 
Bowers analogue hole micrometer, Figure 3.18. A setting ring was used to check the 
micrometer’s reading before performing the measurement of the drilled hole 
diameters. For each hole, measurements were performed three times and averaged. 
 
Figure 3.18: Bowers hole micrometer for measuring 6 – 8 mm hole diameter, with a setting ring 
(diameter = 7.995 mm) for calibration 
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3.3.2.4.2 CFRP delamination 
A Nikon SMZ18 optical microscope was used to photograph the CFRP entrance 
delamination. Measurement of the CFRP delamination around the entrance of the hole 
was conducted considering the ratio of the extent of delamination in reference to the 
hole diameter (FD), as discussed in Section 2.6.4.1 (Figure 2.10), using Buehler 
OmniMet Image Analysis software. For each hole, measurements were performed three 
times and averaged. 
3.3.2.4.3 CFRP pull-out 
Selected holes were sectioned into half, Figure 3.19 (a), to investigate the condition and 
topography of the machined surfaces via SEM, and Alicona Infinite Focus. The volume 
of CFRP pulled out from the bore machined surface was measured based on three-
dimensional (3D) images generated through the Alicona software. As demonstrated in 
Figure 3.19 (b), the blue regions indicate the pull-out of material, below the reference 
machined surface, which is shown in green. The red regions indicate materials above 
the machined / reference surface (e.g. carbon fibres stuck out). 
 
Figure 3.19: (a) Cross section of hole / machined surface of CFRP scanned by Alicona Infinite 
Focus, (b) surface topography generated by the Alicona software for measuring the 
pull out of material 
 
 
3.3.2.4.4 Titanium machined surface 
The condition and topography of machined Ti surfaces were examined using SEM. The 
machined surface roughness of Ti in terms of Ra and Rz (linear roughness), and Sa (area 
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roughness) were measured, Figure 3.20 using the Alicona Infinite Focus. The machine 
has the capability of measuring the roughness of cylindrical shape (of the hole) and 
performing both linear and area surface roughness (X and Y directions). Using a form 
removal tool in the Alicona software, the cylindrical shape of the machined surface was 
translated into a flat surface, and the area surface roughness, Sa was measured. 
 
Figure 3.20: Machined surface roughness of Ti employing Alicona Infinite Focus, (a) path length 
for Ra and Rz measurement, (b) area surface roughness, Sa measurement 
 
3.3.2.4.5 Titanium burr (hole exit) 
 The burr height at the exit of the holes in titanium was measured using a digital 
micrometer, Figure 3.21 (a). The thickness of the CFRP/Ti stacks was measured, 
followed by the total thickness of both burr and the stacks, Figure 3.21 (b, c). The burr 
height was the difference between the two measurements. For each hole, three 
measurements were conducted and averaged. 
 
 
 
 
 
Figure 3.21: (a) Micrometer, (b) measurement of the burr height using a micrometer 
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In addition, the burr was also examined under an optical microscope Nikon Eclipse 
MA200. In order to do this, selected holes were firstly sectioned, mounted in epoxy 
resin and polished (using 9 μm and 3 μm MetaDi supreme diamond liquid, and 
0.06 μm MasterMet Colloidal silica liquid + 30% hydrogen peroxide), Figure 3.22.  
 
Figure 3.22: Measurement of burr height using the optical microscope 
 
3.3.2.4.6 Titanium hardness 
The hardness of sub-machined surfaces were measured using Buehler Wilson hardness 
automated tester, Figure 3.23, and analysed using Diamet hardness automation 
software. Prior to performing the hardness measurement, selected holes were 
sectioned, mounted in epoxy resin, ground and polished.  
 
Figure 3.23: Buehler Wilson Knoop and Vickers hardness tester 
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The Knoop indenter was used as measurements were needed close to the machined 
surface, Figure 3.24. The shape of the Knoop indentation (which take the form of 
elongated diamond, Figure 3.24) provided consistent hardness measurement for the 
near edge. The unit of the hardness for the Knoop hardness test is HK. A recommended 
minimum spacing between indentations was three times the size of the indentation. 
Indentations that are too close to each other would result in inaccurate hardness 
measurement as it is affected by plastic deformation of the material when being 
indented. Following trials at various loads (e.g. 10, 25, 50, 100, 500 and 1000 g), a load 
of 25 g was determined to be optimum in terms of repeatability, hence was used for all 
hardness measurements in this work. Using loads more than 100 g to make 
indentations resulted in total damage extending to the edge of the machined surface. 
 
Figure 3.24: Knoop indentation for hardness measurement on the polished Ti 
 
3.3.2.4.7 Residual strain / stress  
A limited residual strain measurement of the holes drilled in the Ti workpiece was 
conducted using non-destructive x-tray diffraction at SALSA (Strain Analyzer for Large-
Scale Applications) beam line at Institut Laue Langevin (ILL), Grenoble, France [157]. 
The limited access to the facility did not permit measurement of more than two 
samples. The strain measurement was performed at a depth of 2 mm from the Ti 
surface, along the radial direction, at 0.5 mm intervals as shown in Figure 3.25. The 
residual strain measurement at ILL, analysis of the data using LAMP (Large Array 
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Manipulation Program) software [158], and calculation of residual stress were 
conducted by Dr Darren Hughes and Conor Cafolla. The interpretation of the obtained 
data (plotted in a graph) was conducted by the author.  
 
Figure 3.25: Schematic showing strain measurement along radial direction around a 6.1 mm 
diameter drilled hole in Ti 
3.3.2.5 Chip morphology  
Titanium chips were collected after drilling, Figure 3.26, and studied in terms of shape, 
thickness and segmentation. Images of the chips were captured using a digital camera 
and optical microscope, Nikon SMZ18.  
 
  
Figure 3.26: Preparation, clamping and mounting of Ti chip for polishing and investigating 
through the optical microscope (measurement of chip thickness) 
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For other alloys such as aluminium and steels where the chips are continuous and 
uniform, it is possible to measure the chip thickness using a micrometer. In the case of 
drilling titanium alloy however, where the chips were mostly spiral, folded and 
serrated, Figure 3.26 (a), using a micrometer to measure the thickness was not 
possible. Therefore, chip thickness was measured on mounted and polished sections 
under optical microscope Nikon Eclipse MA200 using Buehler OmniMet Image Analysis 
software. In doing so, the chip was first clamped upright, Figure 3.26 (b), mounted in 
epoxy resin, then ground and polished, Figure 3.26 (c). The measurement of thickness 
and shear band angle on the polished Ti chip is shown in Figure 3.27. 
 
Figure 3.27: Measurement of Ti chip thickness and shear band angle on polished cross-section 
(Ti was polished using 9 μm and 3 μm MetaDi supreme diamond liquid, and 
0.06 μm MasterMet Colloidal silica liquid + 30% hydrogen peroxide) 
As much as CFRP chip formation was equally important, the involvement of cutting 
fluid by flood application during drilling prohibited the collection of the fine CFRP dust 
as it was washed away by the cutting fluid during drilling. Therefore it was difficult to 
engage the study of CFRP “chips” in this work. The work of previous researchers in the 
machining group at WMG involving dry drilling of CFRP-only has shown that 
interpretation of fine dust of CFRP was in fact challenging, and often did not provide 
useful information. Therefore, this research focuses on Ti chips only. 
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3.4 Experimental study: Design and procedures 
3.4.1 Study 1: Conventional drilling employing constant 
cutting parameters  
The purpose of this study was to investigate the tool wear mechanisms when drilling 
CFRP/Ti stacks. Specifically, the interaction between the CFRP and Ti and the cutting 
edges was studied. Understanding the interaction of tool wear mechanisms is useful in 
determining how to prolong tool life when drilling CFRP/Ti stacks. Furthermore, the 
effect of cutting mechanisms and tool wear on the hole quality was investigated.  To 
understand the interaction between the drilling of different materials, conventional 
drilling of the materials in five different approaches was conducted, Table 3.6. The total 
drilling distance for each test was similar, which was 640 mm and equivalent to 
80 holes. 
Table 3.6: Description of drilling tests for Study 1 
Materials  Description 
a) CFRP-only 
 The materials were drilled individually. 
b) Ti-only 
c) 
CFRP/Ti stacks  
(in one-shot) 
 
The CFRP/Ti stacks were drilled continuously from CFRP through 
Ti in a single operation, as shown in Figure 3.28 (a). 
d) 
CFRP and Ti  
separately and 
alternately 
 
The CFRP panel and Ti panel were drilled as a separate entity but 
alternately one after another using the same drill, starting with 
drilling CFRP, Figure 3.28 (b (i)), followed by drilling Ti, 
Figure 3.28 (b (ii)). 
e) CFRP/Ti stacks  
(in two-shots) 
 
As schematically shown in Figure 3.28 (c): 
(i) The CFRP/Ti stack was drilled from and through the CFRP, 
(ii) The drill was retracted from the stack once it finished drilling         
ithe CFRP, and was exposed to the air (for 3 seconds),  
(iii) Then proceed with drilling the Ti component of the stack. 
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a) Drilling CFRP/Ti stacks in one-shot 
 b) Drilling CFRP and Ti separately and 
alternately 
 
 
 
 
 
 
 
 
 c) Drilling CFRP/Ti stacks in     
two-shots 
 
 
 
 
Figure 3.28: Schematic of (a) one-shot drilling of CFRP/Ti stacks, (b) drilling CFRP and Ti 
separately but alternately, and (c) two-shots drilling of CFRP/Ti stacks 
A uniform set of cutting parameters, which were compromised cutting parameters 
between those for CFRP and Ti, were employed for drilling through CFRP/Ti stacks. 
Specifically, a cutting speed that is practical for drilling Ti (50 m/min), and a feed rate 
that is practical for CFRP (0.05 mm/rev), were employed, following BAE Systems 
recommendation [159]. This was based on the fact that Ti is more sensitive to the 
change in cutting speed, whereas CFRP is more sensitive to the change in feed rate. The 
cutting parameters, drilling condition (cutting fluid application) and drills used for 
drilling all materials combinations (as described in Table 3.6) were constant and 
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detailed in Table 3.7. A new but reground drill was used for each drilling test. All 
drilling trials were carried out with conventional water-based cutting fluid by flood 
application, supplied through nozzles around the machine tool spindle, Figure 3.29.  
Table 3.7: Constant drilling parameters for Study 1 
Variables Details 
Workpiece Material CFRP-only, Ti-only, and CFRP/Ti stacks (Section 3.1) 
Drill Reground Sandvik Corodrill R840-0610-30-A0A (Section 3.2) 
Cutting Speed (m/min) 50 
Feed Rate (mm/rev) 0.05 
Cutting Fluid  Water-based, Blasocut by Blaser Swisslube, 7% concentration 
Total drilling distance for 
each test 
640 mm = 80 holes 
 
 
Figure 3.29: Flood cutting fluid application during all drilling trials 
The setup of the drilling trials is shown in Figure 3.30.  The 1st, 2nd, 3rd and every 
consecutive 10th holes, were drilled in a 25 mm-width workpiece clamped onto the 
dynamometer for measuring cutting forces. The remainder of the holes were drilled in 
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a larger workpiece (130 mm width), Figure 3.30. The detailed methodology for 
measuring cutting forces, tool wear and hole quality was described in Section 3.3.2. The 
whole drilling tests of (a) CFRP-only, (b) Ti-only, (c) CFRP/Ti stacks in one-shot, 
(d) CFRP and Ti separately, and (e) CFRP/Ti stacks in two-shots, were replicated or 
repeated two times. A new drill (reground) was used for each drilling trial. 
 
 
 
Figure 3.30: Experimental setups when drilling (a) CFRP-only, Ti-only, and CFRP/Ti stacks in 
one-shot and two-shots, (b) CFRP and Ti separately 
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3.4.2 Study 2: The effect of cutting speed during CD and UAD 
of CFRP/Ti stacks 
The purpose of this experimental work was to study the effect of varying cutting 
speeds during conventional drilling (CD) and Ultrasonic Assisted Drilling (UAD) of 
CFRP/Ti stacks in one-shot on tool wear and hole quality. Cutting speeds were varied 
at 50% lower (25 min/min) and 50% higher (75 m/min) compared to the cutting 
speed used in Study 1 (50 m/min), as described in Section 3.4.1. All other parameters 
were fixed; details are presented in Table 3.8. The experimental setup was shown in 
Figure 3.30 (a), with cutting fluid application as in Figure 3.29. The data collected were 
cutting forces, tool wear, hole diameter, CFRP entrance delamination, CFRP pull out, 
Ti burr, Ti surface roughness, Ti micro-hardness, residual stress and Ti chip 
morphology; the detailed methodology for measurement was explained in Section 3.3.  
Table 3.8: Drilling parameters and variables for Study 2 
Variablies 
Test 1 Test 2 Test 3 
CD UAD CD UAD CD UAD 
Workpiece Material CFRP/Ti stacks (Section 3.1) 
Drill Reground Sandvik Corodrill R840-0610-30-A0A (Section 3.2) 
Cutting Speed (m/min) 25 25 50 50 75 75 
Feed Rate (mm/rev) 0.05 
Cutting Fluid Water-based; Bl iasocut by Bliaser Swisslube, 7% concentration 
Ultrasonic 
Function 
Amplitudie Off 
Peak-to-
peak  
11 μm 
Off 
Peak-to-
peak 
 11 μm 
Off 
Peak-to-
peak  
11 μm 
Frequency Off 40 kHz Off 40 kHz Off 40 kHz 
* Vibration 
Speed 
Off 165 m/min Off 165 m/min Off 165 m/min 
* Vibration speed was caliculiated using equation 1 as in Section 2.9.1. 
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3.4.3 Study 3: The effect of feed rate during CD and UAD of 
CFRP/Ti stacks 
The purpose of doing this experimental work was to study the effect of varying feed 
rates during CD and UAD of CFRP/Ti stacks in one-shot on tool wear and hole quality. 
Feed rates were varied at 50% lower (0.025 mm/rev) and 50% higher (0.075 mm/rev) 
than the one used in Study 1 (0.05 mm/rev), as described in Section 3.4.1. All other 
parameters were kept constant; the detailed parameters were presented in Table 3.9. 
The drilling setup, methodology and drilling data collection during this work were 
similar to Study 2, as described in Section 3.4.2.  
Table 3.9: Drilling parameters and variables for Study 3 
Variablies 
Test 1 Test 2 Test 3 
CD UAD CD UAD CD UAD 
Workpiece Material CFRP/Ti stacks (Section 3.1) 
Drill Reground Sandvik Corodrill R840-0610-30-A0A (Section 3.2)  
Cutting Speed (m/min) 50 
Feed Rate (mm/rev) 0.025 0.05 0.075 
Cutting Fluid Water-based; Bliasocut by Bliaser Swisslube, 7% concentration 
Ultrasonic 
Function 
Amplitudie Off 
Peak-to-peak  
11 μm 
Off 
Peak-to-
peak 
 11 μm 
Off 
Peak-to-
peak  
11 μm 
Frequency Off 40 kHz Off 40 kHz Off 40 kHz 
* Vibration 
Speed 
Off 165 m/min Off 165 m/min Off 165 m/min 
* Vibration speed was caliculiated using equation 1 as in Section 2.9.1. 
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3.5 Statistical analysis 
For Study 2 and Study 3, to evaluate the drilling performance, it was essential to 
ascertain whether the resultis obtained (tool wear, cutting forces and relievant holie 
quality criteria) were statistically significant or not, in terms of: 
 the difference between diata / resultis generated by different cutting speedis  
(25, 50 and 75 m/min). 
 the difference between diata / resulitis generated by different feed rates     
(0.025, 0.05 and 0.075 mm/rev). 
 the difference between diatia / resultis generated by CD and UAD.  
The stiandiard method to confirm any significant difference between the diatia is by 
performing an analysis of variance (ANOVA). Two-way ANOVA testis were performed on 
the diatia to establish an undierstanding of any significant effect of the indiependient 
variablies (cutting speedis and feed rates) and drilling processes (CD and UAD) on the 
diependient variablies (tool wear and holie quality). 
The null hypothesis and alternative hypothesis of the study were firstly set, in which 
one was accepted (and the other was rejected). This is summarised in equations (3) 
and (4). The null hypothesis is that the mean or variance (σ2) between generated diata 
were equivalient, which indicated that there was no significant difference between the 
diatia, i.e. the effect of cutting speed, feed rate or CD / UAD was not significant. The 
alternative hypothesis is that the variances (σ2) between generated diatia were not 
similiar, which indicated that there was a significant difference between the diatia, i.e. the 
effect of cutting speed, feed rate or CD / UAD was significant. 
Null hypothesis,       H0 : σ2 A  =  σ2 B   ….…………….…………………(3) 
Alternative hypothesis,      H1 : σ2 A  ≠  σ2 B   ..…………….…….……………..(4) 
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In ordier for the difference between the groups and variablies to be statistically 
significant, the null hypothesis must be rejected, so that the alternative hypothesis is 
tirue [160]. This was dione by caliculiating and comparing the variance ratio, Fratio and 
Fcritical of the tested diatia (tool wear, thrust forces, torque and holie quality). 
The lievel of significance or confidience used was 0.05. This indicates that in the case 
when the null hypothesis is true, there is 5% chance that it can be rejected. If the 
caliculiated Fratio is higher than Fcritical, the null hypothesis is rejected, and the alternative 
hypothesis is accepted, which confirms that there is a significant difference between the 
diatia / resulitis [160]. The ANOVA is only valid when the diatia is normally distributed. 
Stiatistical analysis software, Minitab was used to check the normality of the diatia and 
the applicability for the ANOVA. The ANOVA was conducted using Minitab software and 
was aliso confirmed by Microsoft Excel Data Analysis Pack software. 
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Chapter 4      Results and Analysis 
4.1 Study 1: Conventional drilling employing 
constant cutting parameters 
The purpose of this study was to investigate the machinability of CFRP/Ti stacks, in 
terms of tool wear and hole quality, when drilling conventionally using a uniform 
cutting speed of 50 m/min and feed rate of 0.05 mm/rev. In order to establish the 
factors that govern tool wear and hole quality when drilling CFRP/Ti stacks, it is 
important to understand how the results are different or similar to the case when 
drilling the materials individually and separately. To summarise, this section presents, 
compares and discusses the tool wear and hole quality during conventional drilling of:  
(a) CFRP-only,  
(b) Ti-only,  
(c) CFRP/Ti stacks in one-shot,  
(d) CFRP and Ti together but separately (alternately),  
(e) CFRP/Ti stacks in two-shots. 
4.1.1 Tool wear mechanisms 
CFRP and Ti are two different materials that exhibit different wear mechanisms during 
drilling. By taking into consideration the case of drilling the materials individually and 
separately, this study was designed to assess the effect of interaction between two 
different wear mechanisms; abrasive and adhesive wears during one-shot drilling of 
CFRP/Ti stacks. 
Figure 4.1 shows a comparison of flank wear when drilling the various materials 
combinations. One-shot drilling of CFRP/Ti stacks resulted in the highest tool wear 
rate, hence the shortest tool life (62 holes). This was followed by two-shots drilling of 
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CFRP/Ti stacks, drilling CFRP-only, drilling CFRP and Ti separately, and the least wear 
when drilling Ti-only. The maximum flank wear at the end of drilling trials (80 holes) 
and the percentage increase in flank wear when one-shot drilling of CFRP/Ti stacks 
compared to the other drilling tests are compared and summarised in Table 4.1.  
 
Figure 4.1: Flank wear during conventional drilling of (a) CFRP-only, (b) Ti-only, 
(c) CFRP/Ti stacks in one-shot, (d) CFRP and Ti separately, and (e) CFRP/Ti stacks in 
two-shots using a cutting speed of 50 m/min and feed rate of 0.05 mm/rev 
 
Table 4.1: Comparison of maximum flank wear at the end of drilling trials (after 80 holes) of        
(a) CFRP-only, (b) Ti-only, (c) CFRP/Ti stacks in one-shot, (d) CFRP and Ti separately, 
and (e) CFRP/Ti stacks in two-shots 
Drilling of 
Flank wear 
(μm) 
Percentage increase in flank wear 
when one-shot drilling of 
CFRP/Ti stacks compared to other 
drilling tests 
a) CFRP-only 144 90% 
b) Ti-only  24 1038% 
c) CFRP/Ti stacks in one-shot 273 - 
d) CFRP and Ti separately 105 160%  
e) CFRP/Ti in two-shots 213 28%  
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Referring to Figure 4.1 and Table 4.1, it is interesting to note that one-shot drilling of 
CFRP/Ti stacks resulted in 160% and 28% higher flank wear than drilling CFRP and Ti 
separately, and two-shots drilling of CFRP/Ti stacks, respectively (after 80 holes). 
These results indicated that despite employing a similar materials combination (CFRP 
and Ti), the way that the materials were drilled influenced the wear of the drills. This is 
an important finding that has not been previously reported and will be discussed 
throughout this section (sub-sections 4.1.1.1, 4.1.1.2, 4.1.1.3 and 4.1.1.4).  
To understand the wear mechanisms, the cutting edges condition at the end of drilling 
trials (after 80 holes) are compared in Figure 4.2, showing the wear and adhered 
material on the cutting edges. The three-dimensional (3D) images of the cutting edges 
highlight the wear in blue colour, and the adhered material on the cutting edge is in red 
colour, Figure 4.2 (b, d, f, h, j). When drilling CFRP-only, material adhered to the cutting 
edges was not evident, Figures 4.2 (a, b) and 4.3. Minor adhered material (volume = 
0.002 mm3) was observed when drilling Ti-only, Figures 4.2 (c, d) and 4.3. Whereas, 
there was a substantial amount of adhered material after one-shot drilling of 
CFRP/Ti stacks (volume = 0.063 mm3), two-shots drilling of CFRP/Ti stacks 
(volume = 0.010 mm3) and drilling CFRP and Ti separately (volume = 0.013 mm3), 
Figures 4.2 (e, f, g, h, i, j) and 4.3. The adhered material on the cutting edges was 
confirmed to be titanium Ti6Al4V by Energy Dispersive X-ray Spectroscopy (EDS) 
analysis, Figure 4.4.  
In summary, at the end of the tests (80 holes), one-shot drilling of CFRP/Ti stacks 
caused: 
 385% more Ti adhesion than drilling CFRP and Ti separately 
 530% more Ti adhesion than two-shots drilling of CFRP/Ti stacks 
 3050% more Ti adhesion than drilling Ti-only 
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Figure 4.2: Condition of the cutting edges of the drills at the end of drilling trials of (a, b) CFRP-
only, (c, d) Ti-only, (e, f) CFRP/Ti stacks (one-shot), (g, h) CFRP and Ti separately 
(alternately), and (i, j) CFRP/Ti stacks (two-shots). Red arrows in 2D images and red 
regions in 3D images show Ti adhesion 
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Figure 4.3: Comparison of volume of material adhesion on cutting edges after drilling 80 holes 
through (a) CFRP-only, (b) Ti-only, (c) CFRP/Ti stacks in one-shot, (d) CFRP and Ti 
separately, and (e) CFRP/Ti stacks in two-shots using a cutting speed of 50 m/min 
and feed rate of 0.05 mm/rev 
 
 
Figure 4.4: EDS analysis of adhered material on the cutting edges after one-shot drilling of 
CFRP/Ti stacks  
The Ti was strongly bonded to the cutting edges, as it could not be removed manually, 
indicating a strong metallic bonding. It must be noted that in some instances, the 
adherent Ti totally masked the worn cutting edges and made it difficult to measure the 
wear. For plotting the graph in Figure 4.1, in the case of drilling CFRP and Ti together, 
the flank wear was measured after drilling CFRP and before drilling Ti, taking 
advantage of the abrasive CFRP, which alternately removed the adhered Ti and 
revealed the worn cutting edges. 
Chapter 4:  Results and Analysis 
 103 
The fact that one-shot drilling of CFRP/Ti stacks caused the largest amount of 
Ti adhesion and hence the highest tool wear indicated that there was a strong 
correlation between Ti adhesion and the wear rate of the cutting edges. These results 
suggest that the interaction between the abrasion of the cutting edge when drilling 
CFRP, followed by drilling the Ti immediately, caused the Ti chips to adhere strongly to 
the cutting edges, and hence leading to more rapid tool wear as the adherent Ti 
detached. Whereas, less Ti chips adhered to the cutting edges when there was a delay 
in between drilling the materials (this will be discussed in Section 4.1.1.4). Since the 
interaction of the abrasion of the cutting edges and Ti adhesion when drilling CFRP and 
Ti together is more complex than having solely abrasive or adhesive wear, it is worth 
discussing the wear mechanisms when drilling CFRP-only and Ti-only first. 
4.1.1.1 Drilling CFRP-only  
When drilling CFRP-only, wear of the cutting edges was by an abrasive wear 
mechanism. This was evident from cutting edge rounding and fine scratch pattern 
along the cutting edge after drilling 80 holes, Figure 4.5 (a) (a magnified view of the 
image shown in Figure 4.2 (a)). Figure 4.5 (b) shows that there were voids having 
widths of smaller than 0.5 µm between carbide (WC) grains at the worn cutting edge, 
which was not observed at the new / unworn cutting edge before drilling, 
Figure 3.6 (b). The sizes of the voids were smaller than the size of the WC grains (0.5 – 
1.5 μm). Therefore, the voids indicated the removal of cobalt (Co) binder due to 
abrasion by the abrasive carbon fibres of CFRP during the drilling. Compared to WC 
grains, which have a reported hardness within 1700 – 2000 HV, the lower hardness of 
Co binder (400 – 1200 HV) makes it more susceptible to being abraded and removed 
by the carbon fibres (hardness = 800 – 1100 HV) during drilling [35, 48, 52]. 
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Figure 4.5: SEM micrographs showing condition of the cutting edge at the end of drilling trial 
(80 holes) of CFRP-only, which details (a) cutting edge rounding / worn area, 
(b) removal of Co binder and edge fracture of WC grains at the worn cutting edge 
(cutting speed = 50 m/min, feed rate = 0.05 mm/rev) 
Chapter 4:  Results and Analysis 
 105 
The removal of Co binder makes the WC grains prone to micro-fracture, as they are 
inherently brittle. In addition, the WC grains exhibit angular morphology, which makes 
the sharp edge of the WC grains prone to being fractured, Figure 4.5 (b), to produce WC 
particles. These micro wear particles of WC then abraded the WC grains that were still 
intact on the cutting edges as drilling progressed. The observed wear mechanism when 
drilling CFRP-only in the current study is similar to that described in previous work 
[56, 161] involving dry machining (drilling and turning) of CFRP-only. 
4.1.1.2 Drilling Ti-only 
In contrast, Figures 4.2 (c, d) and 4.6 show that the cutting edge used for drilling         
Ti-only (after 80 holes) exhibited no marked difference in geometry and sharpness 
compared to the new drill, Figure 3.6 (a), although a limited amount of Ti adhesion was 
observed. Previous studies [41, 96] which reported substantial Ti adhesion and edge 
chipping indicative of a severe adhesive wear mechanism as early as drilling 10 holes 
in Ti-only either did not use cutting fluid or employed spray mist cutting fluid.  
The strong adhesion and metallic bonds between Ti chip and WC-Co cutting edge 
typically occur when drilling at high cutting temperatures and pressure, in the absence 
of a protective layer (lubricant or oxide film) on the contacting surfaces [55]. The 
current study shows that using cutting fluid is important when drilling titanium alloy 
to lessen tool wear, which is in agreement with previous studies [98-100]. The cutting 
fluid helps to remove the heat from the cutting zone, consequently contributed to the 
least adhered Ti chips (volume = 0.002 mm3) to the cutting edge, which helped to 
prolong the drill life. 
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Figure 4.6: SEM micrographs showing condition of the cutting edge at the end of drilling trial 
(80 holes) of Ti-only, which details (a) no significant change in the geometry; the 
cutting edge is indicated by the red arrow, (b) WC-Co pull out from the cutting edges 
(cutting speed = 50 m/min, feed rate = 0.05 mm/rev) 
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When drilling Ti-only, there was no evidence that the cutting edges and WC grains 
were being abraded. Ti alloy by nature is not abrasive, and the measured hardness of Ti 
workpiece and work-hardened Ti chips which are 346 HV and 455 HV, respectively, 
were not hard enough to abrade the Co binder of the tool compared to the case of 
drilling CFRP-only. However, as seen in Figure 4.6 (b), there was evidence of small 
voids (0.2 – 1 μm) on the cutting edge used for drilling Ti-only. The size of the voids is 
equivalent to the size of WC grains (0.5 – 1.5 μm), which indicated that both WC grains 
and Co binder were pulled out when the adhered Ti chip detached as the newly formed 
chip flowed over it. This wear condition when drilling Ti-only (up to 80 holes) did not 
significantly change the geometry of cutting edges. However, it must be noted that if 
the drilling trial continues and with further increase in hole number, the voids (pull-out 
of WC-Co) would eventually increase leading to weakening of the cutting edges and 
hence drill failure / breakage.    
4.1.1.3 Drilling CFRP/Ti stacks in one-shot 
Figure 4.7 (a) shows the condition of the cutting edge after one-shot drilling of 80 holes 
through CFRP/Ti stacks. Substantial adhered Ti on the cutting edge exhibiting irregular 
and uneven surface finish is evident. Further SEM investigation of the cutting edge after 
removal of the adhered Ti chips (by drilling through a hole in CFRP) revealed worn, 
substantial cutting edge fracture and cracking, Figure 4.7 (b). Figure 4.8 (a) shows a 
magnified view of the worn cutting edge, confirming that there were voids (width of 
0.1 – 0.8 µm) between WC grains, which indicated preferential removal of Co binder 
due to abrasion by CFRP. Fractured WC grains are also evident, Figure 4.8 (a). 
Figure 4.8 (b) shows a magnified view of the cutting edge fracture (of Figure 4.7 (b)), 
which revealed uneven and substantial fractured WC grains as well as pull-out of the 
WC grains.  
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Figure 4.7: SEM micrographs showing (a) adhered Ti on the cutting edge after one-shot drilling of 
80 holes in CFRP/Ti stacks using a cutting speed of 50 m/min and feed rate of 
0.05 mm/rev, (b) condition of the cutting edge after removal of the adherent Ti by 
drilling through a hole in CFRP  
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Figure 4.8: SEM micrographs of (a) the worn cutting edge showing Co binder removal and WC 
edge fracture (b) the fractured cutting edge showing fractured WC grains and pull-
out of WC-Co, due to one-shot drilling of CFRP/Ti stacks (80 holes) using a cutting 
speed of 50 m/min and feed rate of 0.05 mm/rev 
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Previous studies [37, 41, 45, 137], which investigated tool wear when drilling 
CFRP/Ti stacks in one-shot did not use uniform cutting parameters, instead, the cutting 
speed and feed rate were changed accordingly when drilling CFRP and Ti of the stacks. 
Also, no previous work has reported if one-shot drilling of CFRP/Ti stacks using 
uniform / compromised cutting parameters would cause more rapid tool failure than 
drilling the materials individually. The current study has highlighted that the rapid 
wear and failure of reground / uncoated cutting edges of carbide (WC-Co) drills when 
one-shot drilling of CFRP/Ti stacks compared to drilling CFRP-only and Ti-only was 
due to the combination of abrasive wear and severe Ti adhesion on the cutting edges 
(as observed in Figures 4.7 and 4.8, and explained in the previous paragraph, 
page 107). 
Abrasion and adhesion are regarded as two opposing mechanisms, in which abrasive 
wear means the tool materials are scrapped and removed. Whereas, adhesion between 
the cutting edge and Ti chip means an additional volume of material on the cutting 
edge. The adherent Ti was not considered as tool wear, however, it was the reason for 
cutting edge fragmentation when the strongly adhered Ti on the tool substrate (WC-
Co) detached.  
Whilst drilling Ti-only caused the least Ti chips adhesion, one-shot drilling of 
CFRP/Ti stacks resulted in the largest volume of Ti chip adhesion along the whole 
cutting edges, due to the fact that Ti workpiece was drilled instantaneously after the 
cutting edges being abraded by drilling CFRP. It is possible that the carbon fibres 
abraded the cutting edges and removed the oxide layer and the adhered Ti chips, 
exposing the nascent and clean surface of the tool substrate, which was the reason for 
strong Ti adhesion as there was no barrier between the contact surfaces.  
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4.1.1.4 Drilling CFRP and Ti separately and drilling CFRP/Ti stacks in 
two-shots 
To confirm that the substantial Ti chip adhesion occurred during one-shot drilling of 
CFRP/Ti stacks was due to the abrasion / removal of the oxide layer on the cutting 
edges by carbon fibres, experiments involving drilling of CFRP and Ti separately and 
alternately were conducted. Drilling the CFRP and Ti alternately in this way exposed 
the cutting edges to oxygen in the air between drilling CFRP and Ti, allowing the 
formation of the oxide film which has been reported to be 1 – 10 nm thick [55], on the 
abraded tool surface. The oxide film forms instantaneously (within microseconds) on 
all metallic surfaces except noble metals and acts as a protective layer that restricts 
true contact and hence adhesion between surfaces [55, 162]. 
Figure 4.9 shows cutting edge condition at the end of drilling trials of CFRP and Ti 
separately and alternately. The adhered Ti on the cutting edges after drilling CFRP and 
Ti separately was significantly reduced compared to the case of one-shot drilling of 
CFRP/Ti stacks, Figures 4.3 and 4.9 (a). In addition, the adhered Ti on the cutting edges 
exhibited a uniform surface finish, Figure 4.9 (a).  
Following removal of the adhered Ti, no visible cutting edge fracture was found, 
Figure 4.9 (b), unlike the case of drilling CFRP/Ti in one-shot. This may suggest that the 
Ti adhesion was not strong enough to cause cutting edge fracture as the adhered Ti 
detached. Instead, cutting edge rounding and uniform wear is apparent, Figure 4.9 (b), 
indicative of a gradual wear rate by an abrasive wear mechanism, which was the 
reason for observing lower flank wear than the case of one-shot drilling of 
CFRP/Ti stacks, Figure 4.1 and Table 4.1. 
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Figure 4.9: SEM micrographs of cutting edge condition at the end of drilling trials of CFRP and Ti 
separately and alternately using a cutting speed of 50 m/min and feed rate of 
0.05 mm/rev, showing (a) uniform surface finish of adhered Ti on the cutting edges 
(b) worn cutting edge after removal of the adhered Ti  
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Further SEM investigation on the worn cutting edges revealed voids (width of 0.1 – 
0.5 μm) between WC grains indicative of removal of Co binder, Figure 4.10, which 
resembled the wear mechanism of drilling CFRP-only. The micro-fracture of the 
exposed WC grains was also observed. 
 
Figure 4.10: SEM micrograph of the cutting edge after drilling through CFRP and Ti separately and 
alternately, which details removal of the cobalt and fractured carbide grains  
An interesting finding is that the tool wear at the end of drilling trials (after 80 holes) of 
CFRP and Ti separately was 27% lower than the case of drilling CFRP-only, Figure 4.1. 
The minimal adhered Ti chip observed when drilling CFRP and Ti separately was 
regarded to be beneficial to protect the cutting edges. This was due to the fact that the 
CFRP abraded and removed the adhered Ti first before abrading the cutting edges, 
hence causing less wear, compared to the case of drilling CFRP-only (where there was 
no adhered Ti to protect the cutting edge).  
Since all materials, cutting parameters and cutting tool were fixed, the less Ti adhesion 
and wear when drilling the CFRP and Ti separately was attributed to the separation of 
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the drill from the workpiece after drilling the CFRP, before rapidly proceeding with 
drilling Ti. This allowed the formation of oxide film on the cutting edge after drilling 
CFRP and before drilling Ti. Hence, the results suggest that Ti adhesion and adhesive 
wear during drilling CFRP/Ti stacks using uncoated cutting edges can be reduced when 
the drill is disengaged or separated from the workpiece between drilling the CFRP and 
Ti. To confirm this, two-shots drilling of CFRP/Ti stacks was conducted. This was done 
by rapidly retreating the drill out of the hole and into the atmospheric air once the 
CFRP was drilled, before rapidly proceeding with drilling the Ti, Figure 3.28 (c). Earlier 
tribology studies [163] reported that the oxide film on the metallic surfaces forms 
instantly (microseconds, less than 1 second) in the presence of oxygen. Hence, rapidly 
retracting the drill (3 seconds) between drilling CFRP and Ti was sufficient to assure 
the formation of the oxide film on the cutting edges.  
Figure 4.11 (a) shows the adhered Ti on the cutting edges at the end of two-shots 
drilling of CFRP/Ti stacks (after 80 holes), which exhibited a more uniform surface 
finish compared to the case of one-shot drilling of CFRP/Ti stacks, Figure 4.7 (a). At the 
end of the tests, the volume of the adherent Ti on the cutting edges used for two-shots 
drilling of CFRP/Ti stacks was significantly reduced (Figure 4.3), and the flank wear 
was 28% lower than the case of one-shot drilling of CFRP/Ti stacks, Figure 4.1 and 
Table 4.1. Nevertheless, further SEM investigation of the cutting edges used for two-
shots drilling of CFRP/Ti stacks after removal of the adhered Ti revealed cutting edge 
fracture, Figure 4.11 (b). Figure 4.12 (a) shows evidence of Co binder removal between 
WC grains as well as fractured edge of WC grains at the worn cutting edge. 
Figure 4.12 (b) is a magnified view of the cutting edge fracture, which revealed uneven 
surface finish of WC grains exhibiting fracture. These observations (Figures 4.11 and 
4.12) indicated a combination of abrasive and adhesive wear mechanisms during two-
shots drilling of CFRP/Ti stacks. 
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Figure 4.11: SEM micrographs showing (a) adhered Ti on the cutting edge after two-shots drilling 
of 80 holes in CFRP/Ti stacks using a cutting speed of 50 m/min and feed rate of 
0.05 mm/rev, and (b) condition of the cutting edge after removal of the adherent Ti 
by drilling through a hole in CFRP 
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Figure 4.12: SEM micrographs showing condition of the cutting edge after drilling through 
CFRP/Ti stacks in two-shots, following removal of adhered Ti, which details (a) Co 
removal and fractured WC grains at the worn area (b) crack and fractured WC grains 
at the fractured cutting edge  
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Despite employing similar CFRP and Ti configurations, cutting parameters, and cutting 
fluid, it is interesting to note that the way the materials were drilled is important in 
determining the amount of Ti chips adhering to the cutting edges and tool wear. This is 
a novel finding which has not been previously reported in the literature. It was 
demonstrated that the Co binder of the tool was more susceptible to abrasion by the 
CFRP. Also, the cobalt is more likely to adhere with the titanium chip, which resulted in 
its removal from the cutting edges.  
A cemented carbide drill with a lower cobalt content is recommended when drilling 
CFRP and Ti6Al4V to reduce the tendency of having large voids between WC grains 
(due to Co binder removal), and hence reducing fracture of the exposed WC grains. 
Even though two-shots drilling of CFRP/Ti stacks was found to cause less Ti chips 
adhering on the cutting edges and longer tool life compared to the one-shot drilling of 
CFRP/Ti stacks, it must be noted that the technique required three times longer drilling 
time, which leads to a reduction in productivity. 
4.1.2 Thrust force  
Figure 4.13 shows that for all tests, thrust forces generated when drilling CFRP were 
within 120 to 430 N, which is three to five times lower than the thrust forces generated 
when drilling Ti (within the range of 550 to 1330 N). The observation of three to five 
times lower thrust forces when drilling CFRP compared to those of drilling Ti is 
consistent with the previous finding [37], which was attributed to the difference in the 
cutting mechanisms of the materials. CFRP was deformed by brittle fracture, hence 
required lower forces compared to plastic deformation when drilling Ti [6, 32].  
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Figure 4.13: Comparison of average thrust forces when drilling (a) CFRP-only, (b) Ti-only, 
(c) CFRP/Ti stacks in one-shot, (d) CFRP and Ti separately, and (e) CFRP/Ti stacks in 
two-shots 
The trend in thrust forces was observed to correspond to the trend observed in flank 
wear. For the 80th holes, drilling CFRP in a stack with Ti in one-shot generated the 
highest thrust force of 430 N, Figure 4.13, which is: 
 20% higher than drilling CFRP in the stack with Ti in two-shots, 
 26% higher than drilling CFRP-only, 
 44% higher than drilling CFRP separately with Ti. 
Similarly, drilling Ti in a stack with CFRP in one-shot also generated the highest thrust 
forces of 1330 N, Figure 4.13, which is:  
 33% higher than drilling Ti in the stack with CFRP in two-shots, 
 38% higher than drilling Ti separately with CFRP, 
 130% higher than drilling Ti-only. 
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4.1.3 Hole quality 
The hole quality in CFRP/Ti stacks produced by one-shot drilling was analysed with 
respect to how it related to the case of drilling the materials individually, drilling CFRP 
and Ti together but separately, and two-shots drilling of CFRP/Ti stacks, based on 
following criteria: 
(i) accuracy and consistency of diameter between the holes in CFRP and Ti in 
stacks 
(ii) the extent of CFRP entrance delamination 
(iii) fibre pull-out from the bore machined surface of CFRP 
(iv) Ti burr height 
4.1.3.1 Hole diameter  
A comparison of hole diameter in CFRP and Ti when drilled in stacks, individually and 
together (but separately) is shown in Figures 4.14 and 4.15. For one-shot drilling of 
CFRP/Ti stacks, initially (holes 1 – 10), the hole diameters in both CFRP and Ti were 
closer to the drill nominal diameter (6.100 mm) within 6.103 – 6.107 mm. However, as 
the hole number increased (holes 20 – 80), the hole diameters increased to 6.107 –
 6.114 mm. This observation is consistent with the observation of increasing tool wear 
and Ti chips adhering on the cutting edges as the number of holes increased during one 
shot drilling of CFRP/Ti stacks. This indicated that the Ti chips adhering on the cutting 
edges contributed to removing of more material than what was intended, hence 
causing oversized holes and inconsistent hole diameter. In contrast, consistent hole 
diameters from the beginning until the end of drilling tests were observed when 
drilling Ti-only and drilling Ti separately with CFRP, Figure 4.15, where the drills 
exhibited the least adhered Ti on the cutting edges.   
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Figure 4.14: Comparison of the diameter of holes in CFRP produced when drilling CFRP-only, 
CFRP/Ti stacks in one-shot, CFRP and Ti separately, and CFRP/Ti stacks in two-shots 
 
 
Figure 4.15: Comparison of the diameter of holes in Ti produced when drilling Ti-only, 
CFRP/Ti stacks in one-shot, CFRP and Ti separately, and CFRP/Ti stacks in two-shots 
Interestingly for one-shot and two-shots drilling of CFRP/Ti stacks, when tool wear and 
Ti adhesion were minimal (holes 1 – 10), the diameters of the holes in Ti were 3 – 6 µm 
smaller than the case of drilling Ti individually and separately with CFRP, Figure 4.15. 
Previous work in the literature [104] also reported oversized holes when drilling Ti 
individually. The result in the current study suggests that when drilling CFRP/Ti stacks 
(one-shot and two-shots), the presence of CFRP assisted in guiding the drill, which 
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reduced drill wandering when drilling the Ti component. As a result, more accurate 
hole diameters in Ti that was closer to the drill nominal diameter were produced due 
to the drills being supported by the CFRP workpiece when drilling the Ti workpiece. 
With regards to two-shots drilling of CFRP/Ti stacks, despite exhibiting less tool wear 
and less Ti adhesion, the holes in CFRP were 2 – 6 μm larger than those of one-shot 
drilling of CFRP/Ti stacks, Figure 4.14. This indicated that the way that the CFRP was 
drilled has a major influence in hole diameter. Nevertheless, the hole diameters in 
CFRP (for both two-shots and one-shot drilling of CFRP/Ti stacks) were still within the 
H7 tolerance (-0.000/+0.015 mm) up to 80 holes. 
4.1.3.2 CFRP delamination (hole entrance) 
Figure 4.16 compares CFRP delamination, measured at the hole entrance, for all 
drilling tests.  
 
Figure 4.16: Comparison of CFRP delamination at hole entrance when drilling CFRP-only, 
CFRP/Ti stacks in one-shot, CFRP and Ti separately, and CFRP/Ti stacks in two-shots 
 
When drilling CFRP-only and drilling CFRP separately with Ti, the delamination at the 
hole entrance increased gradually with increased hole number, tool wear and thrust 
force. This indicated that when drilling CFRP-only, having a drill that has a higher wear 
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resistance and longer tool life is important for producing more holes with less 
delamination. In contrast, for one shot and two-shots drilling of CFRP/Ti stacks, no 
distinctive trend can be deduced with respect to increasing hole number and tool wear 
since the CFRP entrance delamination was observed to fluctuate unpredictably from 
the first until 80th holes, Figure 4.16. 
One-shot and two-shots drilling of CFRP/Ti stacks resulted in 22% – 62% larger CFRP 
entrance delamination than the case of drilling CFRP-only and drilling CFRP and Ti 
separately, from the beginning until the end of test. The observation of CFRP entrance 
delamination when drilling CFRP/Ti stacks did not correlate with the observation of 
tool wear and thrust force. This suggests that CFRP entrance delamination during 
drilling CFRP/Ti stacks was not mainly governed by tool wear and thrust force. Thus, 
the results indicated that CFRP delamination when drilling CFRP/Ti stacks could not be 
reduced simply by using a drill that has a higher wear resistance and longer tool life. 
A possible explanation for fluctuation and larger CFRP entrance delamination when 
drilling CFRP/Ti stacks was due to Ti chips evacuating through the CFRP workpiece 
and whirling (entangling and moving around the drill) on the CFRP surface. It may be 
argued that drilling CFRP/Ti stacks with the cutting edges having adherent Ti was the 
reason for damaging the CFRP layers. However, as shown in Figure 4.16, for one-shot 
and two-shots drilling of CFRP/Ti stacks, there were substantial CFRP entrance 
delamination (FD = 1.4 and FD = 1.2) as early as the first holes. In contrast, no CFRP 
entrance delamination (FD = 1.0) was observed when drilling the first holes in CFRP-
only and when drilling CFRP and Ti separately (where there was no Ti chip evacuating 
through the CFRP); and the CFRP entrance delamination were minimal (less than 
FD 1.15) until 80th holes, Figure 4.16. Both one shot and two-shots drilling of 
CFRP/Ti stacks produced no distinctive difference in the amount of CFRP entrance 
delamination since both drilling techniques were affected by the Ti chips. The Ti chips 
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entangling around the drill after drilling CFRP/Ti stacks is shown in Figure 4.17, which 
damaging the CFRP as it rotated (together with the drill) on the surface. It is difficult to 
predict and control the whirling of the entangled Ti chips. 
 
Figure 4.17: Ti chip entangling around the drill (diameter = 6.1 mm) when drilling CFRP/Ti stacks 
 
In any drilling operation involving metallic materials, smooth chip evacuation is 
important since the metallic chips jamming inside the holes could cause drill breakage 
[159]. In the case of drilling CFRP/Ti stacks, this work provided evidence that the Ti 
chip was more detrimental to the CFRP counterpart in stacks after the Ti chips 
evacuating from the holes. It could be suggested that instead of drilling the stacks from 
CFRP to Ti, the stacks should be drilled from Ti to CFRP to avoid Ti chips evacuating 
through the CFRP layers, which may reduce the tendency of Ti chips damaging the 
CFRP. This means making the Ti workpiece as the hole entrance, and CFRP as the hole 
exit. However, this approach could actually cause more CFRP delamination (at the hole 
exit), not due to Ti chips but due to there is no backing support to withstand the thrust 
forces. Xu et al. [102] have shown that drilling CFRP/Ti stacks from Ti to CFRP caused 
8% more CFRP delamination (hole exit) compared to the case of drilling from CFRP to 
Ti (when using a similar range of cutting parameter as in the current study). Hence, 
drilling the stacks from CFRP to Ti is regarded as a better approach as the Ti workpiece 
can act as a support for the CFRP workpiece. Furthermore, in practice, when 
manufacturing an aircraft, it is difficult to drill from the Ti airframe to the CFRP outer 
skin (which is from the inside out). 
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4.1.3.3 CFRP pull-out from machined surface 
Figures 4.18 and 4.19 show the cross sections of the 1st holes (minimal tool wear) and 
20th holes (increased tool wear) in CFRP, revealing the morphology and topography of 
the machined CFRP surfaces when drilled (a, b) individually, (c, d) in a stack with Ti in 
one-shot, (e, f) separately with Ti, and (g, h) in a stack with Ti in two-shots. The regions 
below the machined surface (or reference surface: green zone) are indicated by the 
blue colour, and represent voids and cavities as a result of the CFRP materials being 
pulled-out from the surface during the drilling.  
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Figure 4.18: Topography of the machined CFRP surfaces when drilling (a, b) CFRP-only, 
(c, d) CFRP/Ti stacks in one-shot, (e, f) CFRP and Ti separately, (g, h) CFRP/Ti stacks in 
two-shots – cross section of the 1st holes scanned by 3D microscope Alicona 
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Figure 4.19: Topography of the machined CFRP surfaces when drilling (a, b) CFRP-only, 
(c, d) CFRP/Ti stacks in one-shot, (e, f) CFRP and Ti separately, (g, h) CFRP/Ti stacks in 
two-shots – cross section of the 20th holes scanned by 3D microscope Alicona 
The volume of CFRP pull-out from the machined surfaces was measured using 
3D image analysis software (Alicona) and compared in Figure 4.20. Comparison 
between the machined surface finish of CFRP and carbon fibre being pulled-out when 
drilled individually and in stacks with Ti has not been shown in the previous literature. 
In this research, by quantifying the volume of carbon fibre pull-out, it was shown that 
drilling CFRP/Ti stacks (in one-shot and two-shots) caused 170% – 530% more CFRP 
pull-out compared to the case of drilling CFRP-only and drilling CFRP and Ti separately, 
Figures 4.18, 4.19 and 4.20. 
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Figure 4.20: Comparison of the volume of CFRP pull-out from the machined surfaces when drilling 
CFRP-only, CFRP/Ti stacks in one-shot, CFRP and Ti separately, and CFRP/Ti stacks 
in two-shots 
 
It is reasonable that the substantial CFRP pull-out when drilling CFRP/Ti stacks was 
predominantly affected by Ti chips that flowed against and rubbed the machined 
surface of CFRP. When drilling CFRP and Ti separately, the CFRP machined surface 
morphology resembled the case of drilling CFRP-only, Figures 4.18 (a, b, e, f) and 
4.19 (a, b, e, f). This was due to the fact that when drilling CFRP and Ti separately, the 
CFRP machined surfaces were not affected by the Ti chip evacuation since the Ti chips 
did not flow through the CFRP workpiece. 
When tool wear was minimal (hole 1) and in the absence of Ti chip flowed through the 
CFRP workpiece as in the case of drilling CFRP-only and drilling CFRP and Ti 
separately, the volume of CFRP pull out was minimal (0.021 – 0.025 mm3), Figures 4.18 
(a, b, e, f) and 4.20. With increasing tool wear (holes 20 and 40), minimal CFRP pull out 
was consistently observed when drilling CFRP-only and CFRP and Ti separately, 
Figures 4.19 (a, b, e, f), and 4.20, due to the absence of Ti chip, compared to the case of 
drilling CFRP/Ti stacks, Figures 4.19 (c, d, g, h) and 4.20. Both one-shot and two-shots 
drilling of CFRP/Ti stacks exhibited no marked difference in the volume of CFRP      
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pull-out as seen in Figures 4.18 (c, d, g, h), 4.19 (c, d, g, h) and 4.20, which were 
attributed to the Ti chips flowing through the CFRP workpiece. 
4.1.3.4 Titanium burr (hole exit) 
Figure 4.21 compares the Ti burr height caused by all drilling tests. One-shot drilling of 
CFRP/Ti stacks produced the highest Ti burr. At the end of drilling tests (holes 80), the 
Ti burr height caused by one-shot drilling of CFRP/Ti stacks was 30%, 220% and 720% 
respectively higher than those of two-shots drilling of CFRP/Ti stacks, drilling CFRP 
and Ti separately, and drilling Ti-only. 
 
Figure 4.21: Comparison of Ti burr height produced when drilling Ti-only, CFRP/Ti stacks in one-
shot, CFRP and Ti separately and CFRP/Ti stacks in two-shots 
 
The result of Ti burr height progression, Figure 4.21, is consistent with the result of 
tool wear, Figure 4.1. This indicated that the increase in Ti burr height at hole exit was 
affected by the increase in tool wear. The least and consistently minimal Ti burr height 
(65 – 70 µm) was observed when drilling Ti-only, which is in agreement with the 
observation of the minimal tool wear from the beginning until the end of the drilling 
tests, Figure 4.21. It is suggested that using a drill that has a higher wear resistance and 
longer tool life is important to minimise the Ti burr height. However, in this study, the 
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fact that there were Ti burr with the height of 65 – 90 μm at as early as the first 
10 holes (when tool wear was minimal) suggests that the drilling strategy and the 
cutting parameters employed was not optimum for resisting burr formation. In order 
to achieve a good quality of drilled holes in CFRP/Ti stacks, eliminating Ti burr is 
important. Therefore, following studies (Sections 4.2.4.5 and 4.3.4.5) investigated the 
influence of cutting parameters and drilling operations (CD or UAD) on the burr 
formation.  
4.1.4 Conclusions from Study 1 
In summary, the interaction of wear mechanisms and hole quality when drilling 
CFRP/Ti stacks were studied referring to the case of drilling the constituent materials 
individually and drilling the materials separately to determine the factors which 
govern tool wear and hole quality in CFRP/Ti stacks. With regard to one-shot drilling of 
CFRP/Ti stacks, no reported work in the literature was found on the association of 
cutting edges condition and hole quality. Previous studies involving drilling 
CFRP/Ti stacks often reported the aspects of tool wear and hole quality separately. 
It was established in this study that the interaction between two different wear 
mechanisms (abrasive and adhesive) during one-shot drilling of CFRP/Ti stacks caused 
strong Ti chip adhesion on the cutting edges. This is because Ti chips adhere strongly 
to the nascent and abraded surface compared to a non-abraded surface. Consequently, 
the drill used for drilling CFRP/Ti stacks failed rapidly due to substantial cutting edge 
fracture as the adhered Ti detached. Tool wear when one-shot drilling of 
CFRP/Ti stacks was 90% and 1038% higher than the case of drilling CFRP-only and Ti-
only, respectively. This indicates less productivity when drilling CFRP/Ti stacks 
compared to drilling CFRP-only and Ti-only.   
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The severe Ti adhesion on the cutting edges when drilling CFRP/Ti stacks produced 
oversized holes. Drilling CFRP/Ti stacks (both in one-shot and two-shots) caused 
22% – 62% more CFRP delamination, and 170% – 530% more CFRP pull-out from the 
machined surfaces compared to the case of drilling CFRP individually. The CFRP 
damage when drilling CFRP/Ti stacks was found to be mainly caused by Ti chips 
evacuating through the CFRP workpiece, rather than by tool wear. Whereas, Ti burr 
formation was found to be largely affected by tool wear, i.e. Ti burr height increases 
with an increase in tool wear. 
This study has shown that the key to achieving long tool life and improved hole quality 
when drilling CFRP/Ti stacks is minimising the Ti adhesion on the cutting edges and 
improving Ti chips evacuation. Titanium chip adhesion on the cutting edges was 
reduced, and the drill wore gradually and uniformly by abrasive wear when drilling 
CFRP and Ti separately, however, this is not the solution as the materials need to be 
drilled in stacks for the purpose of mechanical assembly.  
Even though two-shots drilling of CFRP/Ti stacks was found to cause less Ti adhesion 
on the cutting edges and longer tool life, the technique produced oversized holes in 
CFRP and did not substantially improve the hole quality. In addition, it required three 
times longer drilling time compared to one-shot drilling, which would lead to a 
reduction in productivity. Nevertheless, the result confirmed that a separation or 
disengagement between the cutting edges and the workpiece when drilling 
CFRP/Ti stacks can reduce Ti chip adhesion and hence reduce tool wear.  
Further understanding to reduce Ti adhesion and tool wear during one-shot drilling of 
CFRP/Ti stacks is necessary. Hence, the following studies, Sections 4.2 and 4.3 
investigated the effect of cutting parameters (cutting speed and feed rate) and drilling 
operations (Conventional Drilling (CD) and Ultrasonic Assisted Drilling (UAD)) on tool 
Chapter 4:  Results and Analysis 
 130 
wear, Ti chip formation, thereby their influence on hole quality. It was reported in the 
literature that UAD might cause disengagement and separation between the cutting 
edges and the workpiece, which may be favourable for reducing Ti chip adhesion to the 
cutting edges and improving Ti chip evacuation. However, research has not been 
reported for UAD of CFRP/Ti stacks (except the author’s publications).  
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4.2 Study 2: The effect of cutting speed during CD 
and UAD of CFRP/Ti stacks 
This study was designed to investigate the effect of varying cutting speed (25, 50 and 
75 m/min) at a constant feed rate of 0.05 mm/rev using reground cemented carbide 
(WC-Co) drills during Conventional Drilling (CD) and Ultrasonic Assisted Drilling 
(UAD) of CFRP/Ti stacks in one-shot on tool wear and hole quality. This study aimed to 
provide an understanding of the correlation between drilling operations (CD or UAD), 
cutting speeds, tool wear mechanisms, tool life and hole quality.   
4.2.1 Tool wear mechanisms 
Figure 4.22 shows that CD and UAD of CFRP/Ti stacks using the slowest cutting speed 
of 25 m/min resulted in the lowest flank wear, hence the longest tool life of 160 holes 
(extrapolated). Whereas, using the highest cutting speed of 75 m/min resulted in the 
highest flank wear, hence the shortest tool life of 35 holes.  
 
Figure 4.22: Comparison of flank wear during CD and UAD of CFRP/Ti stacks using cutting speeds 
of 25, 50 and 75 m/min at a constant feed rate of 0.05 mm/rev 
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Statistical analysis using a two-way ANOVA confirmed that the difference between the 
flank wear data generated by drilling with different cutting speeds of 25, 50 and 
75 m/min was statistically significant, Appendix A, Table A.1. This indicated that flank 
wear was significantly reduced and longer tool life was obtained by reducing cutting 
speed, i.e. tool wear accelerated when cutting speed was increased. This result is 
typical of most machining operations. Specifically, for drilling CFRP and Ti in a stack, 
the result is consistent with previous studies [103, 132] employing a similar range of 
cutting speeds despite much higher feed rates (0.1 – 0.25 mm/rev), compared to the 
current study which employed a lower feed rate of 0.05 mm/rev.  
However, it was found that within the range of cutting parameters and drills employed, 
the use of UAD on CFRP/Ti stacks did not provide a significant advantage in tool life. 
The flank wear results during UAD at each cutting speed of 25, 50 and 75 m/min were 
observed to replicate those of CD, Figure 4.22. Although visual examination of the 
graph in Figure 4.22 suggests that UAD at 25 and 50 m/min produced slightly (8%) 
lower wear than CD, ANOVA confirmed that the difference in the flank wear observed 
during CD and UAD was not statistically significant, Appendix A, Table A.1.  
A comparison of cutting edge condition after CD and UAD of CFRP/Ti stacks using 
cutting speeds of 25, 50 and 75 m/min is shown in Figures 4.23, 4.24 and 4.25. The 
cutting edges of the drills used for drilling at higher cutting speeds of 50 m/min, 
Figure 4.24, and 75 m/min, Figure 4.25, exhibited substantial amount of Ti adhesion 
(the adhered material was confirmed to be Ti by EDS analysis), compared to the lower 
cutting speed of 25 m/min, Figure 4.23. The Ti adhesion affected the drill’s wear rate 
(which will be discussed throughout this section). However, no marked difference in 
the cutting edge condition of UAD compared to CD was observed.  
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Figure 4.23: Cutting edge condition after CD and UAD of (a, b) 30 holes and (c, d) 80 holes 
through CFRP/Ti stacks using a cutting speed of 25 m/min and feed rate of 
0.05 mm/rev 
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Figure 4.24: Cutting edge condition after CD and UAD of (a, b) 30 holes, and (c, d) 80 holes 
through CFRP/Ti stacks using a cutting speed of 50 m/min and feed rate of 
0.05 mm/rev. Red arrows show Ti adhesion on the cutting edge 
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Figure 4.25: Cutting edge condition after CD and UAD after of (a, b) 30 holes, and (c, d) 50 holes 
through CFRP/Ti stacks using a cutting speed of 75 m/min and feed rate of 
0.05 mm/rev. Red arrows show Ti adhesion on the cutting edge; blue arrows show 
cutting edge chipping. Dashed rectangles show discolouration of flank faces 
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The main factor that caused substantial adhered Ti chips and weakening of the cutting 
edges, thereby earlier drill failure with increasing cutting speed was greater heat 
generation [32]. The heat in cutting zone is generated by plastic deformation during 
the chip formation, at the interface of rake face/chip and flank face/machined surface. 
A higher cutting speed means faster tool rotation per unit time (25 m/min = 1300 RPM, 
50 m/min = 2600 RPM, and 75 m/min = 3900 RPM). The amount of deformation per 
unit time increases as the cutting speed increases, hence causing higher temperatures 
as more mechanical energy is converted to heat [32]. 
As shown in Figure 4.25, the flank faces of drills used for CD and UAD at the highest 
cutting speed of 75 m/min exhibited some discolouration (as denoted by the darker 
colour, brownish-bluish colour in the red boxes). The discolouration was not seen on 
the drills used during CD and UAD with the lowest cutting speed of 25 m/min, 
Figure 4.23. Hence, this observation confirmed that despite employing flood coolant 
during drilling of CFRP/Ti stacks, increasing cutting speeds generated more heat, 
thereby increasing cutting temperature. This led to substantial Ti chip adhesion on the 
cutting edges, increased tool wear by edge chipping as the cutting edge weakened, and 
hence shortened tool life. 
Attempts at measuring cutting temperatures during drilling CFRP/Ti stacks in this 
study were conducted using thermocouples that were fixed in the stacks (between 
CFRP and Ti panels) and at the drill exit (Figure 3.17). However, all attempts failed as 
the recorded temperatures were within the range of 25 – 33 °C for all cutting speeds 
used, which was no difference compared to the ambient or initial temperature of 22 °C 
before drilling. This was due to the fact that flood coolant / cutting fluid was employed 
when drilling CFRP/Ti stacks, which caused difficulty in assessing the actual 
temperature in the cutting zone. It is possible that the thermocouples measured the 
temperature of the cutting fluid instead of the actual cutting temperature. 
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Measuring the cutting temperature during drilling by attaching thermocouples to the 
cutting edges, rake and flank faces has been reported to give better results [62, 85]. 
This technique required the drill to be stationary to avoid entangling and cutting the 
thermocouples, while the workpiece was rotating for drilling. Most cutting 
temperature measurement was performed on a lathe machine (the workpiece was 
fixed in the spindle). However, this was not possible in the current study due to the 
limitation of the machine tool, which required the drills to be in the spindle to use the 
ultrasonic actuator and rotate for drilling.  
Nevertheless, previous work [62, 85] employing a similar range of cutting parameters 
as in the current study, which focused on measuring cutting temperatures by 
embedding thermocouples on the flank faces and cutting edges during dry drilling of 
CFRP and Ti have provided some temperature data. It has been shown that drilling of 
CFRP with cutting speeds of 40 to 100 m/min increased the cutting temperature from 
120 to 207 °C [62]. Whereas, drilling Ti with increasing cutting speeds from 24 to 
73 m/min (with a fixed feed rate of 0.05 mm/rev) resulted in an increase in cutting 
temperature from 480 to 1060 °C [85]. The temperature generated when drilling Ti 
particularly at the higher cutting speed is high enough to enhance the affinity and 
adhesion of Ti chip to the cutting edges (WC-Co) and also weakening the cutting edges 
as it has been reported that carbide drill started to lose its strength as the temperature 
increases above 500 °C [24].   
To further understand how the drill wore when using the cutting speed of 25 m/min 
that contributed to the longest tool life, a SEM investigation of the cutting edges after 
CD and UAD of 80 holes through CFRP/Ti stacks was conducted, Figure 4.26. The 
adhered Ti on the cutting edges when drilling with 25 m/min was uniform, although no 
marked difference was observed between CD, Figure 4.26 (a) and UAD, Figure 4.26 (b). 
The flank face of the drills exhibited clean surface with no visible adhered Ti.  
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Figure 4.26: SEM micrographs showing morphology of adhered Ti on the cutting edge, and flank 
face condition after (a) CD and (b) UAD, of 80 holes through CFRP/Ti stacks using a 
cutting speed of 25 m/min and feed rate of 0.05 mm/rev 
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Following removal of the adhered Ti by drilling through a hole in CFRP (4 mm thick), it 
is evident that the cutting edges used for both CD and UAD of CFRP/Ti stacks at 
25 m/min wore uniformly by abrasive wear mechanism, which was indicated by 
cutting edge rounding, Figures 4.27 (a) and 4.28 (a). The uniform wear is preferable for 
a longer tool life, rather than cutting edge chipping. Magnified views of the cutting 
edges revealed the removal of Co binder between WC grains, Figures 4.27 (b) and 
4.28 (b). The wear condition during CD and UAD of CFRP/Ti stacks at 25 m/min was 
observed to resemble the case of drilling CFRP-only (as discussed in Study 1). The wear 
mechanism was detailed in Section 4.1.1.1. It was shown previously in Section 4.1.1.2 
that Ti alloy was not hard enough to abrade the WC-Co of the cutting edges and in most 
cases as reported in the literature, drilling of Ti-only did not cause edge rounding. 
Therefore, the edge rounding when drilling CFRP/Ti stacks with 25 m/min was 
attributed to drilling CFRP layer of the stacks. There was no evidence of edge chipping 
and fracture at any other part of the drills during CD and UAD using the lowest cutting 
speed of 25 m/min, up to 80 holes.  
As described in Section 3.2, all drills were reground, which means that the cutting 
edges and flank faces were WC grains with Co binder without coating, but the rake face 
of the drills still has TiAlN coating. Further SEM investigation revealed that the TiAlN 
coating was still fully intact on the rake face of the drills at the end of CD, 
Figure 4.29 (a), and UAD, Figure 4.29 (b), of CFRP/Ti stacks using the cutting speed of 
25 m/min. Nevertheless, limited adhered Ti was observed on the rake face of the drills, 
which was expected as the Ti chip flowed over it during drilling.  
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Figure 4.27: SEM micrographs showing cutting edge and flank face condition after CD of 80 holes 
through CFRP/Ti stacks using a cutting speed of 25 m/min and feed rate of 
0.05 mm/rev; following removal of the adhered Ti 
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Figure 4.28: SEM micrographs showing cutting edge and flank face condition after UAD of 80 holes 
through CFRP/Ti stacks using a cutting speed of 25 m/min and feed rate of 
0.05 mm/rev; following removal of the adhered Ti 
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Figure 4.29: SEM micrographs showing rake face condition after (a) CD, and (b) UAD of 80 holes 
through CFRP/Ti stacks using a cutting speed of 25 m/min and feed rate of 
0.05 mm/rev 
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In contrast, severe adhesive wear occurred when CD and UAD of CFRP/Ti stacks using 
higher cutting speeds of 50 and 75 m/min, which rendered faster drill failure. 
Figure 4.30 shows SEM micrographs of the cutting edges at the end of CD and UAD of 
CFRP/Ti stacks using the highest cutting speed of 75 m/min (after 50 holes). SEM 
micrographs of cutting edges used for CD and UAD of CFRP/Ti stacks at 50 m/min are 
attached in Appendix B, Figure B.1. The adhered Ti exhibited irregular morphology and 
it attached strongly to the cutting edges as it was not able to be removed manually. 
Following removal of the adhered Ti (by drilling through CFRP), cutting edge fracture 
is evident as shown in Figures 4.31 (a), 4.32 (a), and Appendix B, Figures B.2, B.3, 
which was the reason for rapid drill failure for CD and UAD at high cutting speeds of 50 
and 75 m/min. Further SEM investigation of the edge fracture revealed fractured 
WC grains and pull-out of the WC-Co, Figures 4.31 (b) and 4.32 (b). This condition 
makes Ti prone to adhere as drilling progressed, and hence, edge fracture occurred 
consecutively.    
Notably, UAD of CFRP/Ti stacks using the highest cutting speed of 75 m/min was 
observed to cause larger cutting edge fracture, Figure 4.32 (a), compared to CD, 
Figure 4.31 (a). The rake face of the drill used for UAD at the highest cutting speed of 
75 m/min also exhibited larger fracture of 185 μm from the cutting edge, 
Figure 4.33 (b), compared to CD which exhibited smaller fracture of 120 μm, 
Figure 4.33 (a). This suggests more weakening of the cutting edges during UAD at 
higher cutting speed, which was attributed to the drill oscillation, compared to CD. As 
discussed in the literature review [95, 111], diffusion wear or crater on the drill’s rake 
face is common when drilling Ti alloy at high cutting speeds using uncoated carbide 
drills. Whereas, in this study, no evidence of crater or diffusion wear on the rake face 
was found (for both 50 and 75 m/min). It is possible that the presence of cutting fluid 
and coating (on the rake face) was helpful to resist diffusion of WC-Co when Ti chips 
flowed over the rake face during drilling.  
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Figure 4.30: SEM micrographs showing morphology of adhered Ti on the cutting edge and flank 
face condition after (a) CD and (b) UAD, of 50 holes through CFRP/Ti stacks using a 
cutting speed of 75 m/min and feed rate of 0.05 mm/rev 
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Figure 4.31: SEM micrographs showing cutting edge and flank face condition after CD of 50 holes 
through CFRP/Ti stacks using a cutting speed of 75 m/min and feed rate of 
0.05 mm/rev; following removal of the adhered Ti 
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Figure 4.32: SEM micrographs showing cutting edge and flank face condition after UAD of 50 holes 
through CFRP/Ti stacks using a cutting speed of 75 m/min and feed rate of 
0.05 mm/rev; following removal of the adhered Ti 
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Figure 4.33: SEM micrograph showing rake face condition after (a) CD, and (b) UAD of 50 holes 
through CFRP/Ti stacks using a cutting speed of 75 m/min and feed rate of 
0.05 mm/rev 
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In summary, the results established that the tool wear mechanisms, which governed 
the tool failure rate when drilling CFRP/Ti stacks, were significantly influenced by 
cutting speed. The drill wore gradually by abrasive wear mechanism when drilling 
CFRP/Ti stacks using a low cutting speed (25 m/min). The limited and uniform Ti that 
masked the cutting edges was beneficial as it protected the cutting edges from severe 
wear and can be easily abraded when drilling CFRP, leading to cutting edge rounding. 
In contrast, at higher cutting speeds of 50 and 75 m/min, which generated more heat, 
the cutting edges failed earlier by severe adhesive wear mechanism due to severe Ti 
adhesion and build up, leading to WC-Co fragmentation and cutting edge chipping as 
the adhered Ti detached.  
The fact that there was no significant difference in tool wear / life between UAD and CD 
of CFRP/Ti stacks in this study may suggest that the drills did not oscillate sufficiently 
during UAD to induce intermittent cutting. Previous work [143] suggested that 
intermittent cutting during drilling may reduce the workpiece material adhering at the 
cutting edges hence reducing tool wear compared to continuous cutting. To confirm the 
cutting mechanism during UAD compared to CD, it is important to investigate the 
cutting force profile, chip morphology and the machined surface finish; the results will 
be discussed in the following Sections 4.2.2, 4.2.3 and 4.2.4.4.   
4.2.2 Thrust force and torque 
Thrust force profiles during one cycle of CD and UAD through CFRP/Ti stacks were 
examined to determine how UAD affects the cutting mechanism, whether periodic 
disengagement between the cutting edges and the workpiece, or continuous cutting 
occurred as in the case of CD. The results are presented in Figure 4.34, showing the 
whole thrust forces profiles, also, the minimum and maximum forces throughout the 
drilling cycles of the respective materials (CFRP and Ti).  
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Figure 4.34: Thrust force profiles during CD and UAD of the 1st holes in CFRP/Ti stacks using 
cutting speeds of (a, b) 25 m/min, (c, d) 50 m/min and (e, f) 75 m/min at a constant 
feed rate of 0.05 mm/rev (sampling rate = 80,000 Hz) 
At all cutting speeds, UAD, Figure 4.34 (b, d, f) exhibited larger difference between the 
minimum and maximum thrust forces, compared to CD, Figure 4.34 (a, c, e). Table 4.2 
summarises and compares the difference between the minimum and maximum thrust 
forces during CD and UAD of the stacks. It was confirmed that in one drilling cycle, UAD 
exhibited 24% – 43% larger forces variation compared to CD (as highlighted in 
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Table 4.2). The larger fluctuation in thrust force during UAD was attributed to the 
oscillation of the drills back and forth (peak-to-peak amplitude = 11 μm) causing a 
variation in the feed rate. It is evident that the thrust forces generated during UAD at all 
cutting speeds never reached 0 N, Figure 4.34 (b, d, f) indicative of continuous cutting 
as the cutting edges did not disengage from the workpiece throughout the drilling 
process, similar to the case of CD, Figure 4.34 (a, c, e). This finding does not support the 
assertion of intermittent cutting during UAD by previous studies [140, 141]. The 
intermittent cutting means that the cutting is not continuous since cutting edges 
disengage from the workpiece (not in contact) periodically during a drilling cycle. As 
demonstrated previously in work involving low-frequency vibration assisted drilling 
(LVFAD) [143, 145, 152, 153], the forces would reach 0 N (intermittently) if a 
separation between the cutting edges and the workpiece occurred during drilling. This 
is not apparent in the case of UAD of CFRP/Ti stacks in the current study. 
Table 4.2: Difference between minimum and maximum thrust forces during CD and UAD of 
CFRP/Ti stacks using cutting speeds of 25, 50 and 75 m/min at a feed rate of 
0.05 mm/rev – 1st holes 
Cutting Speed 
(m/min) 
CFRP Ti (N) 
CD (N) UAD (N) * UAD – CD CD (N) UAD (N) * UAD – CD 
25 115 164 43% 185 251 36% 
50 138 188 36% 220 273 24% 
75 147 205 39% 220 305 39% 
* Indicates that UAD exhibited a larger force variation compared to CD, by the percentage shown. 
As the oscillation amplitude was measured prior to drilling (before contact with the 
workpiece), it is important to ensure that drill oscillation continued during drilling. 
Previous studies have not provided any evidence whether a drill remained oscillated 
throughout a UAD process. In the current study, further examination of the thrust 
forces profiles (at the dashed lines in Figure 4.34) revealed that UAD of CFRP, 
Figure 4.35 (b, d, f) and UAD of Ti, Figure 4.36 (b, d, f) exhibited “beat” patterns due to 
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constructive and destructive interference of waves, as opposed to the case of CD 
showing constant forces, Figures 4.35 (a, c, e) and 4.36 (a, c, e). Interference wave 
patterns only occur when two vibration systems interfere with each other [164]. In the 
case of UAD, the ultrasonic vibration of the drill interfered with the natural vibration of 
the machine tool, hence generating forces in the form of beat patterns. This observation 
indicated that the drills oscillated or vibrated continuously during UAD in the current 
work. 
CD UAD 
  
  
  
Figure 4.35: Thrust force profiles during CD and UAD of the 1st holes through CFRP component of 
the stack using cutting speeds of (a, b) 25 m/min, (c, d) 50 m/min and 
(e, f) 75 m/min at a constant feed rate of 0.05 mm/rev (sampling rate = 80,000 Hz) 
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Figure 4.36: Thrust force profiles during CD and UAD of the 1st holes through Ti component of 
the stack using cutting speeds of (a, b) 25 m/min, (c, d) 50 m/min and 
(e, f) 75 m/min at a constant feed rate of 0.05 mm/rev (sampling rate = 80,000 Hz) 
Figures 4.37 and 4.38 show a comparison of average thrust force throughout CD and 
UAD of CFRP/Ti stacks (when the cutting edges are in full engagement with the 
workpiece) at cutting speeds of 25, 50 and 75 m/min with increasing hole number. The 
average thrust forces during CD and UAD of both CFRP and Ti components of the stacks 
at all cutting speeds were shown to increase as the number of holes increased (from 
1st to 80th holes), due to the effect of increasing tool wear.  
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Figure 4.37: Comparison of average thrust forces during CD and UAD of CFRP component of 
the stacks using cutting speeds of 25, 50 and 75 m/min at a constant feed rate of 
0.05 mm/rev. Range bars indicate variation for three consecutive holes (e.g. hole 1-3, 
hole 19-21, hole 39-41)  
 
 
Figure 4.38: Comparison of average thrust forces during CD and UAD of Ti component of the 
stacks using cutting speeds of 25, 50 and 75 m/min at a constant feed rate of 
0.05 mm/rev. Range bars indicate variation for three consecutive holes (e.g. hole 1-3, 
hole 19-21, hole 39-41) 
 
For the first holes, with increasing cutting speed from 25 to 75 m/min, the average 
thrust forces was observed to reduce by 10 – 25 N for CFRP, Figure 4.37, and reduced 
by 20 – 85 N for Ti, Figure 4.38. The difference in tool wear when drilling the first holes 
with different cutting speeds was negligible, Figure 4.22. Therefore, the observation of 
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decreasing thrust force with increasing cutting speed suggests thermal softening of the 
workpiece material in the cutting zone due to increased heat generation at higher 
cutting speeds. Workpiece softening required less effort to shear, hence lower thrust 
force. However, as the number of holes increased (holes 40 and 80), average thrust 
forces generated when drilling at 50 and 75 m/min increased by 10 – 73 N for CFRP, 
Figure 4.37, and increased by 75 – 410 N for Ti, Figure 4.38, higher than those of 
25 m/min, due to the dominating influence of increasing tool wear. The average thrust 
forces during UAD of CFRP particularly at 25 and 50 m/min was observed to be on 
average 10% (25 N) lower than those of CD, Figure 4.37. For UAD of Ti at 25 and 
50 m/min, the average thrust forces were 9% (85 N) lower than those of CD. The 
reduction in thrust forces during UAD compared to CD is consistent with the literature. 
However, it must be noted that it was not due to intermittent cutting, rather it was due 
to oscillation of the drills that caused larger variation in feed rate and forces.    
Torque profiles during CD and UAD of CFRP/Ti stacks are compared in Figure 4.39. 
Similar to the case of thrust forces, larger torque variation (by 20% – 34%) was 
observed during UAD compared to CD. A closer examination of the torque (at the 
dashed lines in Figure 4.39) revealed that the torque generated during UAD of both 
CFRP and Ti exhibited interference wave patterns, Figures 4.40 (b, d, f) and 
4.41 (b, d, f) confirming that the drills were vibrated continuously throughout the 
drilling process, as opposed to the case of CD, Figures 4.40 (a, c, e) and 4.41 (a, c, e).  
Notably, in the case of CD of CFRP at all cutting speeds, Figure 4.40 (a, c, e), it is evident 
that the torque fluctuated (increased to 200 Nmm and decreased to 0 Nmm) regularly 
over times throughout the drilling. This was attributed to the heterogeneous structure 
and brittle fracture of CFRP when drilling. In contrast, for CD of Ti, there were less 
fluctuation in torque (as the torque was observed to be more consistent at 1400 Nmm, 
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1250 Nmm and 1200 Nmm for CD using 25, 50 and 75 m/min, respectively), 
Figure 4.41 (a, c, e). This was expected as Ti exhibited homogenous structure.  
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Figure 4.39: Torque profiles during CD and UAD of the 1st holes in CFRP/Ti stacks using cutting 
speeds of (a, b) 25 m/min, (c, d) 50 m/min and (e, f) 75 m/min at a constant feed 
rate of 0.05 mm/rev (sampling rate = 80,000 Hz) 
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Figure 4.40: Torque profiles during CD and UAD of the 1st holes through CFRP component of the 
stack using cutting speeds of (a, b) 25 m/min, (c, d) 50 m/min and (e, f) 75 m/min 
at a constant feed rate of 0.05 mm/rev (sampling rate = 80,000 Hz) 
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Figure 4.41: Torque profiles during CD and UAD of the 1st holes through Ti component of the 
stack using cutting speeds of (a, b) 25 m/min, (c, d) 50 m/min and (e, f) 75 m/min at 
a constant feed rate of 0.05 mm/rev (sampling rate = 80,000 Hz) 
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Figures 4.42 and 4.43 compare average torques (when the drills were in full 
engagement with the workpiece) during CD and UAD of both CFRP and Ti at all cutting 
speeds.   
 
Figure 4.42: Comparison of average torque during CD and UAD of CFRP component of the stacks 
using cutting speeds of 25, 50 and 75 m/min at a constant feed rate of 0.05 mm/rev. 
Range bars indicate variation for three consecutive holes (e.g. hole 1-3, hole 19-21, 
hole 39-41) 
 
 
Figure 4.43: Comparison of average torque during CD and UAD of Ti component of the stacks 
using cutting speeds of 25, 50 and 75 m/min at a constant feed rate of 0.05 mm/rev. 
Range bars indicate variation for three consecutive holes (e.g. hole 1-3, hole 19-21, 
hole 39-41) 
Similar to the case of average thrust force, the average torque was observed to 
decrease with increasing cutting speed, particularly for the first and 20th holes, 
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indicative of increasing heat generation due to faster tool rotation, thereby softening 
the workpiece materials and less effort to shear the workpiece. For the 80th holes, the 
average torque when drilling CFRP and Ti at 50 m/min increased, 45% and 15% 
higher, respectively, than those of 25 m/min due to increased tool wear. UAD of CFRP 
at all cutting speeds generated 12% lower torque (on average) compared to CD of 
CFRP, Figure 4.42, similar to the observation of thrust forces. However, interestingly, 
UAD of Ti at all cutting speeds caused on average 14% higher torque than CD of Ti, 
Figure 4.43. A possible explanation for the higher torque during UAD of Ti compared to 
CD was due to hardening of Ti workpiece caused by the drill’s vibration against the 
workpiece. Therefore, higher forces were required to shear the work-hardened 
material. This will be discussed in detail in Section 4.2.4.4.   
4.2.3 Titanium chip morphology 
The Ti chips produced by CD and UAD of CRP/Ti stacks at all cutting speeds of 25, 50 
and 75 m/min were in the form of a long spiral, ribbon, and folded chips, Figure 4.44. 
At all cutting speeds, there was no discernible difference in terms of the shape and 
length of the chips produced by CD, Figure 4.44 (a, c, e) and UAD, Figure 4.44 (b, d, f). In 
general, the measured lengths of the Ti chip were within the range of 4 to 12 cm. 
Previous studies have speculated that UAD could produce smaller and broken metallic 
chip compared to those of CD, however, this was not observed in the current study. 
Broken metallic chip may be produced if the cutting is not continuous in the case when 
the cutting edges were disengaged intermittently throughout the drilling as shown by 
LFVAD [145, 152]. The resemblance of the continuous and long Ti chips produced by 
UAD to those of CD suggests that the chips were formed continuously during UAD, 
similar to the case of CD. This observation supports the force data, which suggested 
that UAD operation with an ultrasonic frequency of 40 kHz and a peak-to-peak 
amplitude of 11 µm, was continuous.  
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Figure 4.44: Morphology of Ti chips produced by CD and UAD of CFRP/Ti stacks using cutting 
speeds of (a, b) 25 m/min, (c, d) 50 m/min and (e, f) 75 m/min at a constant feed 
rate of 0.05 mm/rev 
To further understand the chip formation mechanism, the Ti chips produced by CD and 
UAD of CFRP/Ti stacks were cross-sectioned, polished and compared, Figure 4.45. The 
Ti chips became more segmented showing apparent shear bands with increasing 
cutting speed due to more heat was generated and localised in the shear plane. This 
caused the grains within the heat localisation area to be softened and heavily 
deformed. The narrow shear bands that exhibited more intense microstructural 
deformation between the chip segments was a direct representation of the shear plane 
when forming the chip. Previous studies involving drilling of Ti did not detail the chip 
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formation. However, the work of Sun et al. [91] involving conventional turning of Ti (a 
different machining operation compared to the current study) reported a similar 
observation of Ti chip became more segmented with increasing cutting speed. This 
indicated that regardless of machining operations, the use of cutting speed has a 
significant influence on producing Ti chip segmentation and shear bands.  
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Figure 4.45: Cross section of Ti chips produced by CD and UAD of CFRP/Ti stacks using cutting 
speeds of (a, b) 25 m/min, (c, d) 50 m/min and (e, f) 75 m/min at a constant feed 
rate of 0.05 mm/rev 
 
Ti6Al4V has been reported to start softening at a temperature of 350 °C [165], although 
the actual temperature at the shear plane in the current study was unknown due to the 
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limitation and difficulty in measuring the temperature as explained previously 
(page 135). Nevertheless, Li et al. [85] reported a temperature of 1060 °C when drilling 
Ti6Al4V at 73 m/min, which was measured using thermocouples attached at flank 
faces (2 mm from cutting edges), and a temperature of 480 °C when using a lower 
cutting speed of 24 m/min. Even though the reported temperatures were not the exact 
temperature at the shear plane, they were measured close enough to the shear plane. 
Therefore, it is plausible to assume that the temperature generated at the shear plane, 
particularly, when using the highest cutting speed of 75 m/min in the current study 
would exceed 350 °C. Consequently, more thermal softening and more intense grain 
deformation in the shear region occurred, hence causing apparent shear bands and 
chip segmentation, Figure 4.45 (e, f). At the lowest cutting speed of 25 m/min, the 
shear bands and segmentation were less apparent, Figure 4.45 (a, b), indicating that 
heat generation at this cutting speed was not sufficient to cause softening and severe 
grain deformation at the shear plane when shearing the Ti workpiece. When comparing 
the Ti chips produced by CD and UAD of CFRP/Ti stacks, no marked difference in the 
morphology and segmentation was observed at all cutting speeds, Figure 4.45, which 
suggests a similarity in the cutting mechanism and heat generation at shear planes 
between the two operations. 
On average, the shear band angle (measured as in Figure 3.27) was observed to 
decrease from 56° to 48° and to 35° as cutting speed increased from 25 to 50 to 
75 m/min (for both CD and UAD), Figure 4.46. The average thickness of the Ti chip also 
decreased from 53 to 51 to 44 µm with increasing cutting speed from 25 to 50 to 
75 m/min, Figure 4.47. Even though on average, no marked difference was observed 
between CD and UAD, it is important to note that the chips produced by UAD exhibited 
on average 42% larger variation in the shear band angle and thickness as indicated by 
larger range bars, compared to those of CD, Figures 4.46 and 4.47. 
Chapter 4:  Results and Analysis 
 161 
 
Figure 4.46: Comparison of average shear band angles of Ti chips produced by CD and UAD of 
CFRP/Ti stacks using cutting speeds of 25, 50 and 75 m/min at a constant feed rate of 
0.05 mm/rev  
 
 
Figure 4.47: Comparison of average thickness of Ti chips produced by CD and UAD of CFRP/Ti 
stacks using cutting speeds of 25, 50 and 75 m/min at a constant feed rate of 
0.05 mm/rev 
 
ANOVA established that the difference between the Ti chip thickness data produced by 
different cutting speeds, also by CD and UAD were statistically significant, Appendix A, 
Table A.2. This means increasing cutting speed significantly reduced Ti chips thickness, 
and UAD produced significantly larger variation in the chip thickness compared to CD. 
Although continuous cutting was demonstrated during UAD, the larger variation of Ti 
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chip thickness would be related to the variation in feed rate due to drill’s oscillation in 
the feed direction. In contrast, the feed rate is constant during CD. 
4.2.4 Hole quality 
The hole quality in CFRP/Ti stacks produced by CD and UAD with respect to the change 
in cutting speed, 25, 50 and 75 m/min, at a constant feed rate of 0.05 mm/rev were 
compared and evaluated in terms of: 
 accuracy and consistency of hole diameter in the CFRP and Ti of the stacks 
 the extent of CFRP entrance delamination 
 fibre pull-out from the machined surface of CFRP 
 topography, roughness and sub-surface hardness of machined Ti 
 Ti burr height 
4.2.4.1 Hole diameter 
Figure 4.48 compares hole diameter in CFRP/Ti stacks produced by CD and UAD using 
cutting speeds of 25, 50 and 75 m/min at a constant feed rate of 0.05 mm/rev. Drilling 
of CFRP/Ti stacks using the lowest cutting speed of 25 m/min was found to be 
advantageous in producing holes that were consistent in diameter (CD: 6.102 – 
6.108 mm, UAD: 6.103 – 6.108 mm), within H7 tolerance limit (-0.00/+0.015 mm) and 
closer to the drill nominal diameter of 6.100 mm, from the beginning until the end of 
drilling tests, Figure 4.48 (a). This was attributed to the drills exhibiting uniform and 
low tool wear with the least adherent Ti on the cutting edges. Increasing the cutting 
speed to 50 m/min during both CD and UAD of CFRP/Ti stacks produced holes having 
2 – 7 µm larger diameter, Figure 4.48 (b), than those produced by the lower cutting 
speed of 25 m/min, Figure 4.48 (a). Nevertheless, all holes produced at 50 m/min were 
still within the tolerance limit (CD: 6.102 – 6.114 mm, UAD: 6.103 – 6.115 mm).  
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Figure 4.48: Comparison of hole diameters in CFRP/Ti stacks produced by CD and UAD using 
cutting speeds of 25, 50 and 75 m/min and a constant feed rate of 0.05 mm/rev. 
Range bars indicate variation for three consecutive holes (e.g. hole 1-3, hole 9-11, 
hole 19-21 etc.) 
 
 
At 50 m/min (CD and UAD), initially, for the first holes up to 20 holes, the hole 
diameters were closer to the drill nominal diameter, Figure 4.48 (b). However, the hole 
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diameters increased as the number of holes and the adherent Ti on the cutting edges 
increased (hole 30 – hole 80). This observation indicated that the adherent Ti on the 
cutting edges was detrimental for hole quality as it enlarged the hole diameters by 
removing more material. 
Similarly, at the highest cutting speed of 75 m/min (CD and UAD), diameters of the first 
three holes were closer to the drill nominal diameter, Figure 4.48 (c). However, as the 
number of holes increased (hole 10 – hole 50), the diameters increased (CD: 6.108 – 
6.117 mm, UAD: 6.112 – 6.118 mm) and 30% of the holes were out of the tolerance 
limit. This was attributed to the drilling with the cutting edges with adherent Ti. 
ANOVA established that the effect of increasing cutting speeds on hole diameters was 
statistically significant, Appendix A, Tables A.3 and A.4. 
An important finding was that the holes produced by UAD at all cutting speeds 
exhibited smaller diameter difference (Figure 4.49) compared to those of CD, as 
summarised in Table 4.3. All holes in CFRP produced by CD at all cutting speeds 
exhibited 1 – 4 μm smaller diameter than the holes in Ti. For UAD, the diameters of the 
holes in CFRP were either equal or 1 – 2 μm smaller than the hole diameters of Ti, 
Table 4.3. The smaller diameter in CFRP compared to Ti was attributed to the removal 
of the adhered Ti on the cutting edges by abrasion when drilling CFRP of the stacks, as 
discussed in Section 4.2.1. However, Ti adhesion on the cutting edges increased when 
drilling the Ti component of the stacks, which then caused larger hole diameters in Ti.  
 
Figure 4.49: Schematic showing diameter difference between the holes in CFRP and Ti in a stack 
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Table 4.3: Comparison of diameter difference between holes in Ti and CFRP of the stacks 
produced by CD and UAD; 80 holes (for 25 and 50 m/min) and 50 holes (for 75 m/min) 
Cutting Speed (m/min) CD UAD 
25 1 – 3 µm 0 – 1 µm 
50 1 – 4 µm 1 – 2 µm 
75 1 – 4 µm 1 – 2 µm 
In regard to the comparison between CD and UAD, the holes in CFRP produced by UAD 
of CFRP/Ti stacks at all cutting speeds were 1 – 5 µm larger than the holes produced by 
CD. The larger holes in CFRP produced by UAD compared to CD was confirmed to be 
statistically significant by ANOVA, Appendix A, Table A.3. The hole diameters in Ti 
produced by UAD were observed to be either equal or 1 – 2 µm larger than the holes 
produced by CD, which was confirmed to be not statistically significant by ANOVA, 
Appendix A, Table A.4. This result indicated that the application of UAD has a 
significant effect on producing larger holes in CFRP, however not for Ti. 
UAD is regarded as a combination of shearing by the main cutting edges and rubbing by 
the outer part of the drill due to the oscillation of the drill [149]. A burnishing action of 
the machined surfaces by the margin of the drill took place as the drill oscillated back 
and forth, consequently resulted in larger hole diameter in CFRP compared to CD. This 
is the reason for observing lower diameter difference between the holes in CFRP and Ti 
during UAD compared to CD, Table 4.3. There was a concern that the larger holes 
observed during UAD compared to CD was due to the more adherent Ti on the drills. 
However, as shown in Section 4.2.1, (Figures 4.23, 4.24 and 4.25), drills used for UAD 
exhibited no marked difference in terms of Ti adhesion compared to the drills used for 
CD. Hence, the larger hole diameter observed in UAD was attributed to the additional 
mechanical movement of the drill, forth and backwards, against the hole wall.  
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In conclusion, the hole diameter was largely affected by the adherent Ti on the cutting 
edges as a result of increasing cutting speed and heat generation, leading to the 
removal of more material than intended, hence causing larger hole diameters further 
from the drill nominal diameter. Using lower cutting speeds of 25 and 50 m/min is 
important to produce holes that were within H7 tolerance limits (-0.000/+0.015 mm). 
It is not recommended to use the highest cutting speed of 75 m/min when H7 tolerance 
limit is required, despite shorter cutting time (and increased productivity), because 
only less than 10 holes can be drilled within tolerance, Figure 4.48 (c).  
A requirement of tighter tolerance limit (e.g. H6: -0.000/+0.009 mm) requires the use 
of the lowest cutting speed of 25 m/min, however, it is important to note that this 
means longer cutting time hence a reduction in productivity. Using a higher cutting 
speed (e.g. 50 m/min) when a tighter tolerance (e.g. H6) is required would lead to part 
rejection due to oversized holes. An important finding was that at all cutting speeds, 
UAD caused smaller diameter difference (0 – 2 μm) between the holes in CFRP and Ti, 
compared to CD which exhibited a larger diameter difference within 1 – 4 μm. It is 
proposed that a consistent hole diameter between CFRP and Ti in a stack is achieved by 
applying the ultrasonic oscillation on the drill during the drilling in the feed direction. 
4.2.4.2 CFRP delamination (hole entrance) 
The ratio of CFRP delamination (FD) at the hole entrance generated during CD and UAD 
of CFRP/Ti stacks at cutting speeds of 25, 50 and 75 m/min are compared in 
Figure 4.50. No apparent trend in the CFRP delamination when increasing cutting 
speeds was observed during CD and UAD. This observation is in agreement with Xu et 
al. [102], who also reported no distinctive trend in CFRP delamination with the change 
in cutting speed (from 15 to 60 m/min) when dry drilling of CFRP/Ti stacks although 
no further explanation was given. In the current study, even though reducing cutting 
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speed from 75 to 50 to 25 m/min resulted in less tool wear and Ti adhesion on cutting 
edges, CFRP delamination was not reduced. This means that CFRP delamination at the 
hole entrance when drilling CFRP/Ti stacks was not largely affected by tool wear and 
Ti adhesion. 
 
 
 
Figure 4.50: Comparison of delamination (FD) of CFRP at the hole entrance produced by CD and 
UAD of CFRP/Ti stacks using cutting speeds of (a) 25 m/min, (b) 50 m/min and, 
(c) 75 m/min at a constant feed rate of 0.05 mm/rev. Range bars indicate variation 
for three consecutive holes (e.g. hole 1-3, hole 9-11, hole 19-21 etc.) 
 
Chapter 4:  Results and Analysis 
 168 
The CFRP delamination when drilling CFRP/Ti stacks at all cutting speeds was 
inconsistent and complex due to the interference of the Ti chips, entangling and moving 
around the drill and on CFRP surface as they evacuated through the CFRP, as discussed 
previously in Section 4.1.3.2. The fact that Ti chips produced during CD and UAD 
of CFRP/Ti stacks at all cutting speeds were long and spiral (Figure 4.44), with no 
marked difference in the morphology and length, justified no distinctive trend in CFRP 
delamination with respects to cutting speed when either CD or UAD was employed.  
4.2.4.3 CFRP pull-out from machined surface 
The topography of CFRP machined surfaces produced by CD and UAD at all cutting 
speeds is compared in Figure 4.51 for the first holes (minimal tool wear), and 
Figure 4.52 for the 20th holes (increased tool wear). The volume of CFRP pull-out (blue 
regions) was measured and compared in Figure 4.53. The 20th and 40th holes exhibited 
averagely 53% (CD) and 64% (UAD) more CFRP pull-out than the first holes, hence 
confirming the substantial influence of tool wear. 
For the first holes drilled, the volume of CFRP pull-out caused by CD and UAD at the 
highest cutting speed of 75 m/min was 0.12 – 0.13 mm3, which was 13% – 24% lower 
than those caused by the lower cutting speeds of 25 and 50 m/min (0.15 – 0.17 mm3). 
However, for the 40th holes, the volume of CFRP pull-out caused by CD and UAD at 
75 m/min increased to 0.24 – 0.29 mm3, 17% - 28% higher than those produced at 
25 m/min (0.20 – 0.24 mm3) due to the dominant influence of tool wear. Nevertheless, 
ANOVA established that the difference in CFRP pull-out caused by different cutting 
speeds was not statistically significant, Appendix A, Table A.5. 
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Figure 4.51: Surface topography of machined CFRP surfaces caused by CD and UAD of CFRP/Ti stacks 
using cutting speeds of (a, b, c, d) 25 m/min, (e, f, g, h) 50 m/min and (i, j, k, l) 75 m/min 
at a constant feed rate of 0.05 mm/rev – cross section of the 1st holes 
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Figure 4.52: Surface topography of machined CFRP surfaces caused by CD and UAD of 
CFRP/Ti stacks using cutting speeds of (a, b, c, d) 25 m/min, (e, f, g, h) 50 m/min and 
(i, j, k, l) 75 m/min at a constant feed rate of 0.05 mm/rev – cross section of the 
20th holes 
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Figure 4.53: Comparison of volume of CFRP pull-out from the machined surfaces caused by CD and 
UAD of CFRP/Ti stacks using cutting speeds of 25, 50 and 75 m/min at a constant 
feed rate of 0.05 mm/rev 
Although visually in Figure 4.53, there was a slight reduction (on average 5%) in CFRP 
pull-out during UAD compared to CD, ANOVA established that the difference in the 
volume of CFRP pull-out caused by UAD compared to CD was not statistically 
significant, Appendix A, Table A.5. This indicated that the drill oscillation during UAD 
has no significant influence on reducing CFRP pull-out compared to CD. 
SEM images of the machined CFRP surfaces produced by CD and UAD at all cutting 
speeds, Figures 4.54 and 4.55, revealed the carbon fibres with 45° orientation with 
respect to cutting direction, suffered major pull out during the drilling operation, which 
is in agreement with the literature (Section 2.6.4.2). This was due to the direction of the 
cutting against the fibre orientation. Previous work [166] involving dry drilling of CFRP 
reported that the polymer matrix suffered thermal damage, which was indicated by 
observation of a burnt matrix. In the current study, no evidence of burnt polymer 
matrix was observed on the machined surface of CFRP produced by CD or UAD at all 
cutting speeds. This may suggest that the heat generated when drilling CFRP was not 
higher than the Tg of the polymer matrix, which was attributed to the use of cutting 
fluid, helping to cool the cutting zone.  
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Figure 4.54: SEM micrographs showing typical machined CFRP surfaces in which carbon fibres 
with 45° orientation exhibiting major pull-out (indicated by the red arrows) during 
CD of CFRP/Ti stacks using cutting speeds of (a) 25 m/min, (b) 50 m/min and 
(c) 75 m/min at a constant feed rate of 0.05 mm/rev 
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Figure 4.55: SEM micrographs showing typical machined CFRP surfaces in which carbon fibres 
with 45° orientation exhibiting major pull-out (indicated by the red arrows) during 
UAD of CFRP/Ti stacks using cutting speeds of (a, b) 25 m/min, (c, d) 50 m/min and 
(e, f) 75 m/min at a constant feed rate of 0.05 mm/rev 
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4.2.4.4 Titanium machined surface 
The surface integrity of the machined Ti was investigated in terms of topography, 
surface roughness, sub-surface hardness and residual stress. Understanding the 
relationship of these features is necessary as a guideline to determine the functional 
performance of the machined parts. Figures 4.56 and 4.57 compare the surface finish / 
topography of the first holes produced by CD and UAD in the Ti layer of the stacks at 
cutting speeds of 25, 50 and 75 m/min.  
The machined Ti surfaces produced by CD exhibited linear feed marks, Figure 4.56. The 
feed marks on the machined Ti surfaces produced by UAD was less visible, rather, the 
ultrasonic impression is evident, Figure 4.57. Figure 4.58 shows magnified views of the 
ultrasonic impression, taking the form of sinusoidal waves on the machined Ti surfaces. 
This was caused by the drill oscillation during UAD. The observation of sinusoidal 
waves imprinted on the machined surfaces proved that the drills oscillated 
continuously when the cutting edges touched and removed the workpiece material 
during UAD at all cutting speeds (which also supported the force data, Section 4.2.2).  
It is important to ascertain that the measurement of the amplitude of ultrasonic 
vibration that was conducted on the non-rotating drill before drilling was consistent 
when the drill rotates and touches the workpiece. Measurement of the peak-to-peak 
amplitude of the sinusoidal waves on the machined surfaces of Ti produced by UAD, 
Figure 4.58, confirmed to be 11 μm, which was equal to the measurement conducted by 
an external laser device before performing the UAD trials. The length of one cycle of 
ultrasonic oscillation as indicated by the red sinusoidal waves in Figure 4.58, was 
observed to increase as the cutting speed increased from 25 m/min, Figure 4.58 (a), to 
50 m/min, Figure 4.58 (b) and to 75 m/min, Figure 4.58 (c). This was expected as the 
drills were rotated faster.  
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Figure 4.56: SEM micrographs showing machined Ti surfaces produced by CD of CFRP/Ti stacks 
using cutting speeds of (a) 25 m/min, (b) 50 m/min and (c) 75 m/min at a constant 
feed rate of 0.05 mm/rev – 1st holes   
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Figure 4.57: SEM micrographs showing machined Ti surfaces produced by UAD of 
CFRP/Ti stacks using cutting speeds of (a) 25 m/min, (b) 50 m/min and 
(c) 75 m/min at a constant feed rate of 0.05 mm/rev – 1st holes 
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Figure 4.58: SEM micrographs showing ultrasonic impression on machined Ti surfaces, as 
indicated by red sinusoidal lines, produced by UAD of CFRP/Ti stacks using cutting 
speeds of (a) 25 m/min, (b) 50 m/min and (c) 75 m/min at a constant feed rate of 
0.05 mm/rev – 1st holes 
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Notably, smeared material was observed on the machined Ti surfaces produced by CD 
and UAD at the highest cutting speeds of 75 m/min, Figures 4.56 (c) and 4.57 (c). The 
smeared material on the machined surfaces indicated more softening of the material, 
which was attributed to greater heat generation when using the higher cutting speed. 
For the first holes drilled, it is unlikely that the smeared material on the machined 
surfaces was due to deposition of the adhered Ti on the cutting edges. Even though it 
was demonstrated previously in Section 4.2.1 that Ti adhesion on the cutting edges was 
severe when using the higher cutting speeds of 50 and 75 m/min compared to 
25 m/min, the severe Ti adhesion did not occur as early as drilling the 1st holes.  
The machined surface roughness was quantified in terms of Ra (average roughness), 
Rz (average depth of peak to valley) and Sa (area roughness, considering measurement 
in both X and Y directions) and are compared in Figure 4.59. The results showed that 
the less intense feed marks (as the material was smeared) caused by CD at the highest 
cutting speed of 75 m/min for the first holes, contributed to lower surface roughness 
(Ra = 0.85 µm, Rz = 6.80 µm, Sa = 1.20 µm) compared to those produced by CD at the 
lower cutting speeds of 50 m/min (Ra = 0.96 µm, Rz = 7.00 µm, Sa = 1.33 µm) and 
25 m/min (Ra = 1.28 µm, Rz = 12.00 µm, Sa = 1.75 µm), Figure 4.59. The observation of 
reduced surface roughness of Ti with increasing cutting speed is consistent with 
previous studies [37, 121, 132]. In contrast, the combination of ultrasonic impression 
and smeared material on the machined surface of the first hole due to UAD at the 
highest cutting speed of 75 m/min contributed to higher surface roughness 
(Ra = 0.83 µm, Rz = 5.00 µm, Sa = 1.14 µm) than those produced by UAD at lower cutting 
speeds of 50 m/min (Ra = 0.62 µm, Rz = 4.95 µm, Sa = 1.08 µm) and 25 m/min 
(Ra = 0.75 µm, Rz = 4.80 µm, Sa = 0.96 µm), Figure 4.59. With increasing hole number 
and adherent Ti on the cutting edges (hole 40), the surface roughness measurement 
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was observed to fluctuate, Figure 4.59. This was the reason for ANOVA not seeing any 
significant effect of cutting speed on surface roughness, Appendix A, Table A.6.  
 
 
 
Figure 4.59: Surface roughness, Ra, Rz and Sa of machined Ti surfaces produced by CD and 
UAD of CFRP/Ti stacks using cutting speeds of 25, 50 and 75 m/min at a 
constant feed rate of 0.05 mm/rev 
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Notably, as seen in Figure 4.59, for the first holes and with increasing hole number 
(hole 20 and hole 40), UAD at all cutting speeds resulted in on average, 34% lower 
Ti surface roughness (regardless of surface roughness parameters Ra, Rz or Sa) 
compared to CD. This is in agreement with the previous study [141], which also 
reported lower Ra (1.2 µm) during UAD of Ti-only compared to CD (Ra = 2.8 µm). The 
effect of UAD on producing lower Ti surface roughness than CD in the current research 
was confirmed to be statistically significant by ANOVA, Appendix A, Table A.6. This 
thesis also presents more evidence, in terms of roughness parameters (Ra, Rz or Sa) and 
machined surfaces topography. 
Ti alloys are known to work harden when subjected to deformation. In any 
conventional drilling operation, it is typical for the temperature to increase when 
deforming the material as a result of the mechanical energy being converted into 
thermal energy. If the heat generation is below the hot working temperature, plastic 
deformation during drilling causes work hardening of the Ti, which made it stronger 
and harder. To ascertain the effect of cutting speed and UAD on work hardening or 
softening of Ti subjected to plastic deformation during drilling, the machined sub-
surface hardness of Ti was measured and compared as shown in Figures 4.60 and 4.61.   
CD at 25 and 50 m/min resulted in on average 10% – 22% higher hardness (374 –
415 HK) within 10 μm beneath the machined surfaces, for the first holes, 
Figure 4.60 (a, b), and for the 40th holes, Figure 4.61 (a, b), compared to the bulk Ti 
workpiece before machining (average hardness of 340 HK). UAD at 25 and 50 m/min 
was also found to result in 15% – 22% harder (392 – 415 HK) machined Ti sub-
surfaces (within 10 μm), Figures 4.60 (a, b) and 4.61 (a, b) than the bulk Ti workpiece. 
The higher hardness of the machined surfaces than the bulk Ti workpiece is indicative 
of grain deformation and hardening of Ti during drilling. The grain deformation 
beneath the machined surfaces is shown in Figure 4.62 and Appendix B, Figure B.7.  
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Figure 4.60: Comparison of sub-surface hardness of Ti cross section (within 300 μm from the 
machined surface) produced by CD and UAD of CFRP/Ti stacks using cutting speeds 
of 25, 50 and 75 m/min at a constant feed rate of 0.05 mm/rev (Initial Ti hardness 
before machining = 340 HK) – 1st holes 
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Figure 4.61: Comparison of sub-surface hardness of Ti cross section (within 300 μm from the 
machined surface) produced by CD and UAD of CFRP/Ti stacks using cutting speeds 
of 25, 50 and 75 m/min at a constant feed rate of 0.05 mm/rev (Initial Ti hardness 
before machining = 340 HK) – 40th holes 
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Figure 4.62: Optical microscopy images showing grain deformation beneath machined Ti surfaces 
when CD and UAD of CFRP/Ti stacks using (a) 25 m/min, (b) 50 m/min and 
(c) 75 m/min at a constant feed rate of 0.05 mm/rev – 1st holes 
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As seen in Figures 4.60 (a, b) and 4.61 (a, b), UAD at 25 and 50 m/min caused slightly 
harder machined Ti sub-surfaces (3% – 6%) than CD. This was likely attributed to 
more plastic deformation caused by oscillation of the drill during UAD, as shown by the 
machined Ti surfaces exhibiting ultrasonic impression and less apparent feed marks, 
Figure 4.57 (a, b). 
At the highest cutting speed of 75 m/min, there was no marked difference observed 
between the hardness of machined Ti sub-surfaces (within 300 μm) produced by CD 
and UAD (hardness of 330 – 350 HK), Figures 4.60 (c) and 4.61 (c), as well as compared 
to the Ti workpiece before machining (average hardness of 340 HK). This observation 
suggests that at the highest cutting speed of 75 /min, the influence of thermal softening 
exceeding the work hardening of the Ti. As seen in Figures 4.56 (c) and 
4.57 (c), material smearing on the machined surface is apparent which supported the 
effect of dominant thermal softening when drilling using the highest cutting speed of 
75 m/min. 
The increased hardness of the sub-machined surfaces at lower cutting speeds (25 and 
50 m/min) is suggestive of stronger machined components. The increased hardness 
has been associated with compressive residual stress produced within the material 
during machining [124-126]. However, it must be noted that whilst work hardening is 
“permanent” (unless the material is heated), which is governed by plastic deformation 
of the material and involves microstructural deformation, the presence of residual 
stress is usually “elastic”. This means that the effect would change if the residual stress 
is relieved.  
A limited investigation of the residual stress beneath the machined surfaces of Ti 
produced by CD and UAD at 50 m/min (1st holes) was conducted. The result, 
Figure 4.63, shows that the machined surfaces (up to 400 μm beneath the surfaces) 
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exhibited tensile residual stress, which is indicated by positive values (a negative value 
indicates compressive residual stress). CD and UAD exhibited no marked difference in 
the value of tensile residual stress, Figure 4.63. Tensile residual stress is usually 
undesirable as it may suggest a weakening of the surface. There was no evidence of 
compressive residual stress, hence this result does not support the association of 
hardness and compressive residual stress which was suggested by previous work 
[124-126]. However, this result is in accordance with Paulsen et al. [127] involving 
drilling of Ti-only, which also reported the presence of tensile residual stress (100 -
 550 MPa), despite the machined surfaces exhibiting increased hardness than the bulk 
workpiece. It must be noted that the result of residual stress in this thesis was only 
based on measurement of two samples (and there was no replication). The limited 
access to the facilities precluded measurement of more samples. Therefore, further 
measurement and investigation of the residual strain state around the drilled holes 
(with increasing hole number and tool wear) will be beneficial and is recommended to 
allow more accurate characterisation of the residual strain/stress state and its effect on 
the machined surface integrity. 
 
Figure 4.63: Comparison of residual stress of sub-machined surfaces of Ti produced by CD and 
UAD of CFRP/Ti stacks at a cutting speed of 50 m/min and feed rate of 0.05 mm/rev   
– 1st holes 
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4.2.4.5 Titanium burr height (hole exit) 
Figure 4.64 shows that Ti burr height increased as the number of holes increased for 
CD and UAD of CFRP/Ti stacks at all cutting speeds due to increased tool wear.  
 
 
 
Figure 4.64: Comparison of Ti burr height at the hole exit caused by CD and UAD of CFRP/Ti stacks 
using cutting speeds of (a) 25 m/min, (b) 50 m/min and, (c) 75 m/min, at a constant 
feed rate of 0.05 mm/rev. Range bars indicate variation for three consecutive holes 
(e.g. hole 1-3, hole 9-11, hole 19-21 etc.) 
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When tool wear was minimal (first holes), no marked difference in Ti burr height 
produced by all cutting speeds was observed, Figure 4.64. As more holes were drilled, 
CD and UAD at the lowest cutting speed of 25 m/min was observed to cause the 
slowest rate of Ti burr height progression up to 80 holes, Figure 4.64 (a). Whereas, 
drilling with the highest cutting speed of 75 m/min resulted in the fastest increase in 
Ti burr height, Figure 4.64 (c). On average, Ti burr height increased by 56% with 
increasing cutting speed from 25 to 50 m/min. Further increasing cutting speed from 
50 to 75 m/min increased the Ti burr height by 65%. 
The trend in Ti burr height caused by CD and UAD of CFRP/Ti stacks at all cutting 
speeds, Figure 4.64, was observed to mirror the trend in tool wear, Figure 4.22. ANOVA 
established that the difference between Ti burr height data generated by drilling with 
different cutting speeds was statistically significant, Appendix A, Table A.7. This 
indicated that Ti burr height was significantly affected by cutting speed and tool wear. 
However, the difference in Ti burr height produced by CD and UAD at respective 
cutting speeds was found to be not statistically significant by ANOVA, Appendix A, 
Table A.7. This indicated that the use of UAD on CFRP/Ti stacks at all cutting speeds did 
not significantly change the burr formation compared to CD, which was consistent with 
the results of tool wear. The observation of no significant difference in Ti burr between 
CD and UAD is in agreement with Sanda et al. [141], although they did not provide 
further explanation. In this thesis, ANOVA was used to establish the non-significant 
effect of UAD on Ti burr height, and the result was correlated to the result of tool wear.  
Burr during drilling occurs due to incomplete shearing of the workpiece materials, 
which is attributed to drilling with worn cutting edges, higher thrust forces as well as 
increased ductility or plastic flow of the workpiece material [32]. Optical micrographs 
of the Ti burr cross-section (of the 40th holes) produced by CD and UAD at all cutting 
speeds are shown in Figure 4.65. For all drilling tests, evident deformation and flow of 
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Ti grains was observed along the machined surfaces, indicative of resistance in cutting 
and shearing the material. This indicated that rather than shearing, the Ti grains were 
“pushed” (deformed to higher strain) by the worn cutting tool, thereby resulting in a 
burr at the hole exit.  
CD UAD 
  
  
  
Figure 4.65: Cross section of Ti burr at the exit of the 40th holes caused by CD and UAD of 
CFRP/Ti stacks using cutting speeds of (a, b) 25 m/min, (c, d) 50 m/min and 
(e, f) 75 m/min at a constant feed rate of 0.05 mm/rev 
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Specifically, for the 40th holes, the drills used for drilling at the highest cutting speed of 
75 m/min exhibited the highest tool wear (flank wear CD = 220 μm, UAD = 260 μm, as 
in Figure 4.22), consequently the Ti grains were “pushed” to a higher extent, leading to 
the highest burr of 350 μm for CD, and 398 μm for UAD, Figure 4.65 (e, f). Whereas, at 
the lowest cutting speed of 25 m/min, after 40th holes, Figure 4.65 (a, b), lower Ti burr 
of 175 μm for CD and UAD was observed due to the lowest tool wear (CD = 80 μm, 
UAD = 77 μm, Figure 4.22). This observation is consistent with the literature [37, 39], 
which reported a significant effect of increasing tool wear on increasing Ti burr height. 
Although this research has shown that decreasing cutting speed reduced the Ti burr 
due to less tool wear rate, producing a burr-free hole in this work was not possible. The 
burr formation having a height of 78 – 100 μm was noted as early as drilling the first 
holes for all cutting speeds, Figure 4.64, despite the sharp cutting edges. This suggests 
that the geometry of the drills employed in the current study was not optimal to 
produce burr-free holes. The burr formation is suggested to be governed by drill 
geometry; a drill that has a smaller point angle with chamfered margin edge was 
reported to reduce the burr formation [167]. The point angle of the drills in the current 
work was 140° (Figure 3.4), considered large enough to create a higher resistance 
between the cut at the margin edge during drilling, consequently leaving higher burr, 
compared to the drill with a smaller point angle [114]. Nevertheless, when drilling Ti 
alloy, the large point angle is preferable to strengthen the drill in order to avoid rapid 
drill fracture. Since no significant difference in Ti burr produced by CD and UAD (at 
respective cutting speeds) was observed, it is concluded that oscillating the drills (with 
a peak-to-peak amplitude of 11 μm and frequency of 40 kHz) in UAD was not able to 
eliminate the Ti burr formation during drilling with this drill geometry. To produce 
burr-free holes, further research on drill geometry would be beneficial.  
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4.2.5 Conclusions from Study 2 
In summary, when drilling CFRP/Ti stacks, cutting speed has a significant effect on tool 
wear, hole diameter and Ti burr height, as confirmed by ANOVA. The effect of cutting 
speed on CFRP damage and Ti surface roughness was confirmed to be not statistically 
significant by ANOVA. Tool wear reduced and longer tool life was achieved when 
drilling CFRP/Ti stacks with decreasing cutting speed. The longest tool life 
(extrapolated = 160 holes) was achieved when drilling (CD and UAD) with the lowest 
cutting speed of 25 m/min due to minor Ti adhering to the cutting edges, and the 
cutting edges wore gradually and uniformly by abrasive wear mechanism. 
Consequently, consistent hole diameter within H7 tolerance (-0.000/+0.015 mm), 
closer to the drill nominal diameter and the least Ti burr was achieved when using the 
lowest cutting speed of 25 m/min. In contrast, drilling with the highest cutting speed of 
75 m/min caused the shortest tool life (35 holes) due to severe Ti adhering to the 
cutting edges leading to substantial cutting edge fragmentation. This caused larger hole 
diameter (by 10 – 18 μm), 30% of the holes were out of H7 tolerance, and rapid 
increase in Ti burr height.  
With regards to UAD application as compared to CD, no marked difference in tool wear, 
Ti adhering to the cutting edges and cutting edges condition was observed when using 
cutting speeds of 25 and 50 m/min. However, at the highest cutting speed of 75 m/min, 
UAD caused more rapid and substantial cutting edges fragmentation compared to CD. 
Investigation of cutting force profile and Ti chip morphology established that the 
cutting during UAD at all cutting speeds was continuous similar to CD, although UAD 
exhibited 24% – 43% larger force variation compared to CD at all cutting speeds.  
UAD did not significantly reduce tool wear, CFRP delamination, CFRP pull-out and Ti 
burr height compared to CD. Nevertheless, the application of UAD was favourable in 
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producing consistent hole diameters between CFRP and Ti, as well as improving 
machined surface integrity (increased hardness and lower roughness) compared to CD 
particularly at 25 and 50 m/min. It must be noted that even though using a lower 
cutting speed (25 m/min) is favourable for reducing tool wear and Ti adhesion on the 
cutting edges, this also increased cutting time, hence reducing productivity. 
Productivity when drilling is increased with an increase in feed rate. Therefore, the 
effect of feed rate during CD and UAD of CFRP/Ti stacks on tool wear and hole quality 
were investigated and discussed in the following Section 4.3. 
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4.3 Study 3: The effect of feed rate during CD and 
UAD of CFRP/Ti stacks 
This study was designed to investigate the effect of feed rate during Conventional 
Drilling (CD) and Ultrasonic Assisted Drilling (UAD) of CFRP/Ti stacks using reground 
cemented carbide (WC-Co) drills on tool wear and hole quality. The feed rate was 
varied at 0.025, 0.05 and 0.075 mm/rev with a constant cutting speed of 50 m/min.  
4.3.1 Tool wear mechanisms  
Figure 4.66 shows that the flank wear when drilling CFRP/Ti stacks decreased with 
increasing feed rate. Using the highest feed rate of 0.075 mm/rev during CD and UAD of 
CFRP/Ti stacks was advantageous as it resulted in the longest tool life of 130 holes 
(extrapolated), Figure 4.66.  
 
Figure 4.66: Comparison of flank wear during CD and UAD of CFRP/Ti stacks using feed rates of 
0.025, 0.05 and 0.075 mm/rev at a constant cutting speed of 50 m/min 
ANOVA was used to establish that the difference between flank wear when drilling 
with different feed rates of 0.025, 0.05 and 0.075 mm/rev was statistically significant, 
although the difference between CD and UAD was confirmed to be not statistically 
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significant, Appendix A, Table A.8. As can be seen in Figure 4.66, the results of flank 
wear during UAD of CFRP/Ti stacks replicated those of CD at respective feed rates.  
It is interesting to note that tool wear reduced when drilling CFRP/Ti stacks with 
increasing feed rate, which contradicted the effect of cutting speed. Increasing feed rate 
during drilling means removing more materials with reduced cutting time. Increasing 
feed rate from 0.025 to 0.05 to 0.075 mm/rev reduced the cutting time from 7.2 to 3.7 
to 2.5 seconds per hole in a CFRP/Ti stack (for both CD and UAD). The reduction in 
cutting or contact time between the cutting edges and the workpiece when drilling (CD 
and UAD) with higher feed rate is beneficial to minimise the heat build-up in the 
cutting zone. In addition, using a higher feed rate indicated that there was less contact 
between cutting edges and abrasive CFRP, which contributed to less tool wear.  
Figure 4.67 shows cutting edge condition after CD and UAD of 30 and 80 holes through 
CFRP/Ti stacks using the highest feed rate of 0.075 mm/rev. Limited Ti adhesion on 
the cutting edges was observed. SEM investigation as shown in Figure 4.68 confirmed 
that Ti masked the cutting edges, nevertheless, no visible Ti adhesion was observed on 
flank face of the drills. CD and UAD were observed to exhibit no marked difference in Ti 
adhesion on the cutting edges, Figures 4.67 and 4.68.  
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Figure 4.67: Cutting edge condition after CD and UAD of (a, b) 30 holes and (c, d) 80 holes 
through CFRP/Ti stacks using a feed rate of 0.075 mm/rev and cutting speed of 
50 m/min 
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Figure 4.68: SEM micrographs showing morphology of adhered Ti on the cutting edge, and flank 
face condition after (a) CD and (b) UAD, of 80 holes through CFRP/Ti stacks using a 
feed rate of 0.075 mm/rev and cutting speed of 50 m/min 
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Following removal of the adherent Ti (by drilling through a hole in CFRP) on the 
cutting edges used for CD and UAD at the highest feed rate of 0.075 mm/rev, minor 
fragmentation (width of 28 – 40 μm) at few areas along the cutting edges was 
observed, Figure 4.69. The fragmentation of cutting edges was attributed to the effect 
of exerting a higher load on the cutting edges when using the high feed rate of 
0.075 mm/rev. Yet, the fragmentation is regarded as minor up to drilling 80 holes, 
since it did not substantially change the shape of the cutting edges. The fragmentation 
was within the cutting edges and it did not extend beyond the width of cutting edges 
(the width of the cutting edge was 70 μm), Figure 4.69.  
Further SEM investigation, showing preferential removal of Co binder between WC 
grains at the worn cutting edges for the feed rate of 0.075 mm/rev is attached in 
Appendix B, Figure B.5. The preferential removal of Co binder was attributed to the 
abrasion by carbon fibres as discussed previously in Sections 4.1.1.1 and 4.2.1. 
Further SEM investigation on the rake face of the drills used for CD and UAD with the 
highest feed rate of 0.075 mm/rev was conducted, Figure 4.70. The TiAlN coating at the 
rake face remained intact, and no fracture and crater was observed on other part of the 
drills used for CD, Figure 4.70 (a) and UAD, Figure 4.70 (b). No marked difference was 
observed between CD and UAD drills.  
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Figure 4.69: SEM micrographs showing cutting edge and flank face condition after (a) CD and 
(b) UAD, of 80 holes through CFRP/Ti stacks using a feed rate of 0.075 mm/rev and 
cutting speed of 50 m/min; following removal of the adhered Ti 
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Figure 4.70: SEM micrographs showing rake face condition after (a) CD and (b) UAD, of 80 holes 
through CFRP/Ti stacks using a feed rate of 0.075 mm/rev and cutting speed of 
50 m/min 
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In contrast, drilling with the lowest feed rate of 0.025 mm/rev caused the fastest drill 
failure (CD = 40 holes, UAD = 35 holes; Figure 4.66) due to Ti adhesion and cutting edge 
chipping, Figure 4.71. A longer contact time between the cutting edges and the 
workpiece (due to lower feed rate) caused more contact between cutting edges and 
workpiece, and also more heat build-up. This weakened the cutting edges and caused 
substantial Ti adhering strongly on the cutting edges, and makes the cutting edges 
prone to fracture. It is important to note that the drill used for UAD of CFRP/Ti stacks 
at 0.025 mm/rev exhibited earlier substantial cutting edge chipping (width = 200 μm, 
length = 1185 μm), Figure 4.71 (b), compared to CD which exhibited no visible edge 
chipping after 30 holes, Figure 4.71 (a). This was the reason for a sudden increase in 
flank wear during UAD, higher than CD, as seen in Figure 4.66. This observation 
suggests that the combination of a longer cutting time and drill oscillation at high 
frequency (40 kHz) during UAD was detrimental as it caused earlier drill failure.  
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Figure 4.71: Condition of cutting edges after CD and UAD of (a, b) 30 holes and (c, d) 50 holes 
through CFRP/Ti stacks using feed rate of 0.025 mm/rev and cutting speed of 
50 m/min. Red arrows show Ti adhesion on the cutting edge and blue arrows show 
edge chipping 
Figure 4.72 shows magnified views of the cutting edges at the end of CD and UAD trials 
of CFRP/Ti stacks using the lowest feed rate of 0.025 mm/rev. For CD drill, substantial 
cutting edge chipping and adhered Ti on the cutting edge and flank face are evident, 
Figure 4.72 (a). For UAD drill, it was observed that Ti masked the worn cutting edges 
and the flank face, Figure 4.72 (b). 
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Figure 4.72: SEM micrographs showing cutting edge and flank face condition after (a) CD and 
(b) UAD, through CFRP/Ti stacks using a feed rate of 0.025 mm/rev and cutting 
speed of 50 m/min 
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Figures 4.73 shows the cutting edge condition and flank face (of 0.025 mm/rev) after 
the adhered Ti was removed (by drilling CFRP). The fractured and worn cutting edge as 
well as flank face of the drill used for CD, Figure 4.73 (a), and UAD, Figure 4.73 (b), 
were still largely covered by the adhering Ti. This observation indicated that the Ti was 
strongly bonded to the tool substrate, which was due to the harsh drilling condition. 
Magnified views of the worn and fractured edges are attached in Appendix B, 
Figure B.6, showing pull-out of WC-Co, preferential removal of Co binder by abrasion 
(as discussed previously in Sections 4.1.1 and 4.2.1) and fractured WC grains. The rake 
face of the drills, Figure 4.74, exhibited substantial fracture with width up to 
226 μm (CD) and 220 μm (UAD) along the cutting edges. Therefore, CFRP/Ti stacks 
should not be drilled with lower feed rates as it caused more rapid tool wear by a 
combination of abrasion, severe Ti adhesion and cutting edge fracture. 
In summary, the fact that increasing feed rate from 0.025 to 0.05 to 0.075 mm/rev 
resulted in a reduction in tool wear and increased tool life, indicated that productivity 
can be increased when drilling CFRP/Ti stacks using this approach. This result 
contradicted previous study [132], which found that flank wear increased from 0.02 to 
0.4 mm with increasing feed rate from 0.03 to 0.25 mm/rev at a constant cutting speed 
of 12 m/min after 20th holes. It was not stated in their report [132], how the cutting 
edges wore, but it is reasonable to assume that the feed rate of 0.25 mm/rev was too 
high (233% higher than the highest feed rate used in the current study) for drilling 
CFRP/Ti stacks. It must be noted that increasing feed rate will also cause an increase in 
cutting force, which can cause cutting edges’ fracture and drills’ breakage if they are 
not strong enough to withstand the stress. Hence, when using the high feed rate, the 
load and cutting forces should constantly be monitored. It is suggested that using the 
highest feed rate of 0.075 mm/rev is practical to prolong the tool life when drilling 
CFRP/Ti stacks as the cutting edges were found to wear gradually and uniformly.  
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Figure 4.73: SEM micrographs showing cutting edge and flank face condition after (a) CD and 
(b) UAD, through CFRP/Ti stacks using a feed rate of 0.025 mm/rev and cutting 
speed of 50 m/min; following removal of adhered Ti 
 
Chapter 4:  Results and Analysis 
 202 
 
 
Figure 4.74: SEM micrographs showing rake face condition after (a) CD and (b) UAD, through 
CFRP/Ti stacks using a feed rate of 0.025 mm/rev and cutting speed of 50 m/min 
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4.3.2 Thrust force and torque 
Figure 4.75 compares thrust force profiles during CD and UAD of CFRP/Ti stacks at 
0.025, 0.05 and 0.075 mm/rev. At all feed rates, UAD was observed to exhibit 24% –
 45% larger differences between the minimum and maximum thrust forces (or 
variation) in thrust forces compared to CD, which is summarised in Table 4.4. 
CD UAD 
  
  
  
Figure 4.75: Thrust force profiles during CD and UAD of the 1st holes in CFRP/Ti stacks using feed 
rates of (a, b) 0.025 mm/rev, (c, d) 0.05 mm/rev and (e, f) 0.075 mm/rev at a 
constant cutting speed of 50 m/min (sampling rate = 80,000 Hz) 
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Table 4.4: Difference between minimum and maximum thrust forces during CD and UAD of 
CFRP/Ti stacks using feed rates of 0.025, 0.05 and 0.075 mm/rev at a constant cutting 
speed of 50 m/min - 1stholes 
Feed Rate  
CFRP Ti (N) 
CD (N) UAD (N) * UAD – CD CD (N) UAD (N) * UAD – CD 
0.025 mm/rev 110 158 44% 133 193 45% 
0.05 mm/rev 138 188 36% 220 273 24% 
0.075 mm/rev 155 222 43% 272 370 36% 
* Indicates that UAD exhibited a larger force variation compared to CD, by the percentage shown. 
The larger force variation during UAD compared to CD was attributed to the drill 
oscillation, back and forth during the cutting. Figures 4.76 and 4.77 show magnified 
views of thrust force profiles during CD and UAD of CFRP and Ti (at the dashed lines in 
Figure 4.75). It was confirmed that UAD exhibited interference waves patterns 
confirming the oscillation of the drills during drilling at all feed rates, Figures 
4.76 (b, d, f) and 4.77 (b, d, f). In contrast, interference wave patterns were not 
observed during CD at all feed rates, Figures 4.76 (a, c, e) and 4.77 (a, c, e). This was 
similar to the observation in Study 2, as discussed previously in Section 4.2.2. In 
summary, these observations indicated that the UAD application using the machine 
tool in the current study for all cutting parameters employed is robust to continuously 
oscillate the drills throughout UAD process. 
 
 
 
 
Chapter 4:  Results and Analysis 
 205 
 
CD UAD 
  
  
  
Figure 4.76: Thrust force profiles during CD and UAD of the 1st holes through CFRP component of 
the stack using feed rates of (a, b) 0.025 mm/rev, (c, d) 0.05 mm/rev, and 
(e, f) 0.075 mm/rev at a constant cutting speed of 50 m/min (sampling 
rate = 80,000 Hz) 
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Figure 4.77: Thrust force profiles during CD and UAD of the 1st holes through Ti component of 
the stack using feed rates of (a, b) 0.025 mm/rev, (c, d) 0.05 mm/rev, and 
(e, f) 0.075 mm/rev at a constant cutting speed of 50 m/min (sampling 
rate = 80,000 Hz) 
Figures 4.78 and 4.79 compare the average thrust forces during CD and UAD of 
CFRP/Ti stacks at all feed rates with respect to increasing hole number. For the first 
holes, when tool wear was minimal, increasing the feed rate from 0.025 to 0.05 to 
0.075 mm/rev during CD and UAD of CFRP/Ti stacks resulted in increasing average 
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thrust forces. The higher feed rate means that more material was removed per unit 
time, which consequently required more force.  
 
Figure 4.78: Comparison of average thrust forces during CD and UAD of CFRP in the stacks using 
feed rates of 0.025, 0.05 and 0.075 mm/rev at a constant cutting speed of 
50 m/min. Range bars indicate variation for three consecutive holes (e.g. hole 1-3, 
hole 19-21, hole 39-41) 
 
 
Figure 4.79: Comparison of average thrust forces during CD and UAD of Ti in the stacks using 
feed rates of 0.025, 0.05 and 0.075 mm/rev at a constant cutting speed of 
50 m/min. Range bars indicate variation for three consecutive holes (e.g. hole 1-3, 
hole 19-21, hole 39-41) 
With increasing hole number (holes 20, 40, 80), the average thrust forces at the lower 
feed rates of 0.025 and 0.05 mm/rev increased, higher than those of 0.075 mm/rev, 
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Figures 4.78 and 4.79, due to dominating influence of tool wear. Notably, when drilling 
the 80th holes, CD and UAD with the highest feed rate of 0.075 mm/rev resulted in 
14% – 26% lower average thrust forces compared to when using the lower feed rate of 
0.05 mm/rev. This result was consistent with the observation of tool wear in which the 
highest feed rate of 0.075 mm/rev caused the least tool wear, Section 4.3.1. There was 
no marked difference in the average thrust forces generated during UAD compared to 
CD.  
Figure 4.80 compares torque profiles during CD and UAD of CFRP/Ti stacks. UAD was 
observed to exhibited larger (24% – 40%) torque variation compared to CD, which is 
consistent with the observation of thrust forces. Further examination of the torque 
profiles confirmed that UAD of both CFRP and Ti exhibited standing waves patterns, 
Figures 4.81 (b, d, f) and 4.82 (b, d, f). Whereas, this was not observed during CD, 
Figures 4.81 (a, c, e) and 4.82 (a, c, e).  
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Figure 4.80: Torque profiles during CD and UAD of the 1st holes in CFRP/Ti stacks using feed 
rates of (a, b) 0.025 mm/rev, (c, d) 0.05 mm/rev and (e, f) 0.075 mm/rev at a 
constant cutting speed of 50 m/min (sampling rate = 80,000 Hz) 
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Figure 4.81: Torque profiles during CD and UAD of the 1st holes in CFRP component of the stacks 
using feed rates of (a, b) 0.025 mm/rev, (c, d) 0.05 mm/rev and (e, f) 0.075 mm/rev 
at a constant cutting speed of 50 m/min (sampling rate = 80,000 Hz) 
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Figure 4.82: Torque profiles during CD and UAD of the 1st holes in Ti component of the stacks 
using feed rates of (a, b) 0.025 mm/rev, (c, d) 0.05 mm/rev and (e, f) 0.075 mm/rev 
at a constant cutting speed of 50 m/min (sampling rate = 80,000 Hz) 
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Figures 4.83 and 4.84 compare the average torque when the drills were in full 
engagement during CD and UAD of CFRP/Ti stacks at all feed rates. Up to 40 holes, the 
average torque in CD and UAD of both CFRP and Ti was observed to increase with 
increasing feed rates from 0.025 to 0.05 to 0.075 mm/rev, indicative of increasing load 
on the cutting edges as more materials were removed in one revolution of the drills. At 
80th holes, the average torque when drilling at 0.05 mm/rev, was equivalent to those at 
0.075 mm/rev due to dominating influence of tool wear. 
 
Figure 4.83: Comparison of average torque during CD and UAD of CFRP component of the stacks 
using feed rates of 0.025, 0.05 and 0.075 mm/rev at a constant cutting speed of 
50 m/min. Range bars indicate variation for three consecutive holes (e.g. hole 1-3, 
hole 19-21, hole 39-41) 
 
 
Figure 4.84: Comparison of average torque during CD and UAD of Ti component of the stacks 
using feed rates of 0.025, 0.05 and 0.075 mm/rev at a constant cutting speed of 
50 m/min. Range bars indicate variation for three consecutive holes (e.g. hole 1-3, 
hole 19-21, hole 39-41) 
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For all feed rates, the average torque generated during UAD of CFRP was 13% (on 
average) lower than those of CD of CFRP. In contrast, the average torque during UAD of 
Ti was 9% higher than those of CD of Ti due to hardening of Ti caused by drill vibration 
against the workpiece. Further evidence of the hardened machined Ti surfaces is 
shown in Section 4.3.4.4.  
4.3.3 Titanium chip morphology 
Figure 4.85 shows the morphology of Ti chips produced during CD and UAD of 
CFRP/Ti stacks using feed rates of 0.025, 0.05 and 0.075 mm/rev.  
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Figure 4.85: Ti chips produced by CD and UAD of CFRP/Ti stacks at feed rates of 
(a, b) 0.025 mm/rev, (c, d) 0.05 mm/rev and (e, f) 0.075 mm/rev at a constant cutting 
speed of 50 m/min 
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For all drilling tests, the Ti chips were in the form of a long spiral, ribbon and folded 
shape, Figure 4.85. This result indicated that changing the feed rate did not alter the 
shape of the chips, regardless of CD or UAD. To further understand the chip formation 
mechanism in CD and UAD with respect to changing feed rate, the Ti chips were cross-
sectioned, polished and compared as shown in Figure 4.86.  
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Figure 4.86: Cross section of Ti chips produced by CD and UAD of CFRP/Ti stacks using feed rates 
of (a, b) 0.025 mm/rev, (c, d) 0.05 mm/rev and (e, f) 0.075 mm/rev at a constant 
cutting speed of 50 m/min 
The Ti chip produced at the lowest feed rate of 0.025 mm/rev exhibited apparent 
segmentation, Figure 4.86 (a, b), with the smallest shear band angle, as detailed in 
Figure 4.87, and the lowest thickness, as detailed in Figure 4.88. In contrast, the Ti chip 
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segmentation became less visible when using the highest feed rate of 0.075 mm/rev, 
Figure 4.86 (e, f). This suggests less heat generation in the shear region when using a 
higher feed rate, hence less thermal localisation and the grain deformed more 
homogenously. The thickness of the Ti chip was observed to increase with increasing 
feed rate, which is expected, Figure 4.86 and 4.88. The difference between the Ti chip 
thickness data produced by different feed rates was confirmed to be statistically 
significant by ANOVA, Appendix A, Table A.9.   
 
Figure 4.87: Comparison of average shear band angles of Ti chips produced by CD and UAD of 
CFRP/Ti stacks using feed rates of 0.25, 0.05 and 0.075 mm/rev at a constant cutting 
speed of 50 m/min 
 
 
Figure 4.88: Comparison of average thickness of Ti chips produced by CD and UAD of 
CFRP/Ti stacks using feed rates of 0.25, 0.05 and 0.075 mm/rev at a constant cutting 
speed of 50 m/min 
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Comparing the chip thickness and shear band angle produced between CD and UAD, on 
average, no discernible difference was observed, however, the chips produced by UAD 
at all feed rates exhibited 48% larger variation in thickness and shear band angle 
(indicated by larger range bars) compared to those of CD, Figures 4.87 and 4.88. The 
effect of UAD on producing larger chip thickness variation was confirmed to be 
statistically significant by ANOVA, Appendix A, Table A.9. This observation is similar to 
the case when varying cutting speeds with a constant feed rate as in Study 2, 
Section 4.2.3. Therefore, this confirmed that UAD caused larger variation in the feed 
rates, hence larger variation in the chip thickness, compared to CD. 
4.3.4 Hole quality 
The hole quality of CFRP/Ti stacks produced by CD and UAD with respect to the change 
in feed rates of 0.025, 0.05 and 0.075 mm/rev at a constant cutting speed of 50 m/min 
were compared and evaluated in terms of: 
 accuracy and consistency of diameter between the holes in CFRP and Ti  
 the extent of CFRP entrance delamination 
 fibre pull-out from the bore machined surfaces of CFRP 
 topography, roughness and sub-surface hardness of machined Ti 
 Ti burr height 
4.3.4.1 Hole diameter 
Figure 4.89 compares hole diameters in CFRP/Ti stacks produced by CD and UAD using 
feed rates of 0.025, 0.05 and 0.075 mm/rev at a constant cutting speed of 50 m/min. 
The hole diameter became more consistent and closer to the drill nominal diameter as 
the feed rate increased from 0.025 to 0.05 to 0.075 mm/rev, Figure 4.89. This result 
positively correlated with the tool wear observation. As seen in Figure 4.89 (c), the 
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diameter of all holes produced using the highest feed rate of 0.075 mm/rev were 
within H7 tolerance limits and closer to the drill nominal diameter of 6.100 mm 
(CD: 6.104 – 6.112 mm, UAD: 6.105 – 6.111 mm). This was attributed to drilling with 
the drills that exhibited the least wear and Ti adhering to the cutting edges.  
 
 
 
Figure 4.89: Comparison of hole diameters in CFRP/Ti stacks produced by CD and UAD using feed 
rates of (a) 0.025 mm/rev, (b) 0.05 mm/rev and (c) 0.075 mm/rev at a constant 
cutting speed of 50 m/min. Range bars indicate variation for three consecutive holes 
(e.g. hole 1-3, hole 9-11, hole 19-21 etc.) 
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In contrast, for CD and UAD with the lowest feed rate of 0.025 mm/rev, initially 
(holes 1-3) the hole diameters were closer to the drill nominal diameter, however, the 
hole diameter increased with increasing hole number. Moreover, at the lowest feed 
rate of 0.025 mm/rev, 38% and 55% of the holes produced by CD and UAD, 
respectively, exceeded the tolerance limit due to Ti chips adhering on the cutting edges 
causing oversized holes. The effect of increasing feed rate on producing holes with 
smaller diameters in CFRP/Ti stacks was confirmed to be statistically significant by 
ANOVA, Appendix A, Tables A.10 and A.11. Comparing CD and UAD, the holes in CFRP 
and Ti produced by UAD exhibited smaller diameter difference at all feed rates, 
Table 4.5, compared to those of CD. UAD caused 1 – 6 µm larger hole diameter in CFRP 
than CD of CFRP, which was confirmed to be statistically significant by ANOVA, 
Appendix A, Table A.10. Whereas, there was no significant difference between the hole 
diameter in Ti produced by CD and UAD, ANOVA, Appendix, Table A.11. 
Table 4.5: Comparison of diameter difference between holes in Ti and CFRP of the stacks 
produced by CD and UAD at 0.025, 0.05 and 0.075 mm/rev (50 holes) 
Feed Rate (mm/rev) CD UAD 
0.025 1 – 6 µm 1 – 3 µm 
0.05 1 – 4 µm 1 – 2 µm 
0.075 1 – 3 µm 0 – 2 µm 
 
In summary, with regard to obtaining holes that are consistent in diameters and within 
H7 tolerance limits when drilling CFRP/Ti stacks, it is recommended to use a higher 
feed rate (0.075 mm/rev). This would reduce the tendency of parts being rejected due 
to oversized holes. In addition, using the higher feed rate (e.g. 0.075 mm/rev) during 
drilling has a practical implication on improving productivity as more holes with 
accurate and consistent diameter can be produced within a shorter time (2.5 seconds 
per hole), compared to when a lower feed rate is employed (e.g. 0.025 mm/rev, 
7.2 seconds per hole).        
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4.3.4.2 CFRP delamination (hole entrance) 
Figure 4.90 compares CFRP delamination, FD, at the hole entrance produced during CD 
and UAD of CFRP/Ti stacks using feed rates of 0.025, 0.05 and 0.075 mm/rev.  
 
 
 
Figure 4.90: Comparison of delamination of CFRP at the hole entrance produced by CD and UAD of 
CFRP/Ti stacks using feed rates of (a) 0.025,  (b) 0.05 and, (c) 0.075 mm/rev at a 
constant cutting speed of 50 m/min. Range bars indicate variation for three 
consecutive holes (e.g. hole 1-3, hole 9-11, hole 19-21 etc.) 
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No definite trend in CFRP delamination was observed when varying the feed rate. Also, 
there was no definite trend when comparing delamination caused by CD and UAD at all 
feed rates of 0.025 mm/rev, Figure 4.90 (a), 0.05 mm/rev, Figure 4.90 (b), and 
0.075 mm/rev, Figure 4.90 (c). The inconsistency of CFRP delamination with varying 
feed rate and drilling operations (CD and UAD) was attributed to the substantial 
influence of Ti chips in damaging the CFRP.  
When drilling the CFRP individually (not in a stack with Ti), reducing feed rate has 
been reported to reduce the entrance and exit CFRP delamination [11, 76, 81, 168]. 
This was explained in terms of reducing the feed rate caused a reduction in thrust 
force, which exerted less pressure on the materials. In the current study, when CFRP 
was drilled in a stack with Ti, the effect of minimising the delamination by reducing the 
feed rate was not observed.  
Notably, when the tool wear was negligible (1st – 10th holes), no significant difference 
was observed between the entrance delamination during drilling using the low feed 
rate (0.025 mm/rev) compared to the higher feed rate (0.075 mm/rev), although lower 
thrust force and torque was observed at the  lower feed rate (Figures 4.78 and 4.83). 
This observation was due to the dominating influence of titanium chips, which 
damaging the CFRP material as they evacuated from the hole. 
4.3.4.3 CFRP pull-out from machined surface 
Figures 4.91 and 4.92 show topography of the machined surfaces of CFRP produced by 
CD and UAD after drilling the first and 20th holes using feed rates of 0.025, 0.05 and 
0.075 mm/rev. The pull-out of CFRP materials is evident, as highlighted in blue colour, 
when drilling at all feed rates, Figures 4.91 and 4.92. The volume of CFRP being pulled 
out from the surfaces was quantified and compared in Figure 4.93. 
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Figure 4.91: Surface topography of machined CFRP surfaces caused by CD and UAD of 
CFRP/Ti stacks using cutting speeds of (a, b, c, d) 0.025 mm/rev, (e, f, g, h) 0.05 mm/rev 
and (i, j, k, l) 0.075 mm/rev at a constant cutting speed of 50 m/min – 1st holes 
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Figure 4.92: Surface topography of machined CFRP surfaces caused by CD and UAD of 
CFRP/Ti stacks using cutting speeds of (a, b, c, d) 0.025 mm/rev, (e, f, g, h) 0.05 mm/rev 
and (i, j, k, l) 0.075 mm/rev at a constant cutting speed of 50 m/min – 20th holes 
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Figure 4.93: Comparison of the volume of CFRP pull-out from the machined surfaces caused by CD 
and UAD of CFRP/Ti stacks using feed rates of 0.025, 0.05 and 0.075 mm/rev at a 
constant cutting speed of 50 m/min 
CD and UAD of CFRP/Ti stacks using the lowest feed rate of 0.025 mm/rev were 
observed to cause the least CFRP being pulled-out, consistently from the beginning 
(hole 1) until the drill has worn out (holes 20 and 40), Figure 4.93. Using the higher 
feed rates of 0.05 and 0.075 mm/rev when drilling CFRP/Ti stacks resulted in, on 
average, 48% and 45% larger volume of CFRP pull-out, respectively, compared to the 
lowest feed rate of 0.025 mm/rev, despite exhibiting lower tool wear (Section 4.3.1). 
The difference in the volume of CFRP pull-out caused by using different feed rates of 
0.025, 0.05 and 0.075 mm/rev was confirmed to be statistically significant by ANOVA, 
Appendix A, Table A.12. This indicated the significant influence of using a lower feed 
rate (0.025 mm/rev) to reduce CFRP pull-out when drilling CFRP/Ti stacks. The 
observation of reducing feed rate on causing less fibre pull-out when drilling 
CFRP/Ti stacks is in agreement with the previous study [132]. Notably, the current 
study has provided more evidence with quantitative analysis, which was lacking in the 
previous study. 
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The least volume of CFRP pull-out when drilling with the lowest feed rate of 
0.025 mm/rev was due to the least amount of material removed in one revolution of 
the drill and the least cutting forces (Section 4.3.2). The difference in the volume of 
CFRP pull out caused by CD and UAD was found to be not statistically significant by 
ANOVA, Appendix A, Table A.12. This indicated that CFRP pull-out was not significantly 
affected by the drill oscillation during UAD at all feed rates, compared to CD.  
It is important to note that drilling CFRP/Ti stacks using the lowest feed rate of 
0.025 mm/rev exhibited larger volume of CFRP pull-out within 0.08 – 0.22 mm3, 
Figure 4.93, compared to the case of drilling CFRP-only at a higher feed rate of 
0.05 mm/rev which exhibited lower volume of CFRP pull-out, 0.02 – 0.05 mm3 (Study 1, 
Section 4.1.3.3, Figure 4.20). Hence, this observation emphasised the marked influence 
of Ti chip that flowed through the CFRP machined surfaces on causing more CFRP pull-
out, compared to when Ti chip was absent as in the case of drilling CFRP-only. 
4.3.4.4 Titanium machined surface 
Linear feed marks are evident on the machined Ti surfaces produced by CD at 0.025, 
0.05 and 0.075 mm/rev, Figure 4.94. In contrast, the machined Ti surfaces produced by 
UAD at all feed rates exhibited ultrasonic impression in the form of sinusoidal waves, 
Figures 4.95 and 4.96, confirming oscillation of the drills during UAD. 
Figure 4.96 (a, b, c) are the magnified views of Figure 4.95 (a, b, c).  
Measurement of the amplitude of sinusoidal waves on the machined surfaces was 
confirmed to be consistent with the measurement of the amplitude (peak-to-peak 
amplitude = 11 µm) on the non-rotating drills prior to drilling. No marked difference in 
the length of sinusoidal waves on the machined surfaces was observed, Figure 4.96, 
since the cutting speed was constant. 
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Figure 4.94: SEM micrographs showing machined Ti surfaces produced by CD of CFRP/Ti stacks 
using feed rates of (a) 0.025 mm/rev, (b) 0.05 mm/rev and (c) 0.075 mm/rev at a 
constant cutting speed of 50 m/min – 1st holes 
 
Chapter 4:  Results and Analysis 
 226 
 
 
 
Figure 4.95: SEM micrographs showing machined Ti surfaces produced by UAD of 
CFRP/Ti stacks using feed rates of (a) 0.025 mm/rev, (b) 0.05 mm/rev and 
(c) 0.075 mm/rev at a constant cutting speed of 50 m/min – 1st holes 
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Figure 4.96: SEM micrographs showing ultrasonic impression on machined Ti surfaces, as 
indicated by red sinusoidal lines, produced by UAD of CFRP/Ti stacks using feed 
rates of (a) 0.025 mm/rev, (b) 0.05 mm/rev and (c) 0.075 mm/rev at a constant 
cutting speed of 50 m/min – 1st holes 
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The surface roughness of the machined Ti surfaces was quantified and the results are 
compared in Figure 4.97.  
 
 
 
Figure 4.97: Surface roughness of machined Ti surfaces produced by CD and UAD of 
CFRP/Ti stacks using feed rates of 0.025, 0.05 and 0.075 mm/rev with a constant 
cutting speed of 50 m/min 
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When tool wear was minimal, increasing feed rate during CD resulted in increasing 
machined Ti surface roughness, Ra, Rz and Sa, Figure 4.97, which is in agreement with 
previous studies [37, 121]. However, with increasing tool wear (hole number), the 
surface roughness measurement was observed to fluctuate, Figure 4.97. The 
fluctuation in the surface roughness was the reason for ANOVA showing no significant 
difference in the effect of feed rate, Appendix A, Table A.13. Comparing CD and UAD, 
Figure 4.97 shows that the machined Ti surfaces produced by UAD at all feed rates 
exhibited on average, 32% lower surface roughness than those of CD, which was 
confirmed to be statistically significant by ANOVA, Appendix, Table A.13. The lower 
surface roughness in UAD was attributed to less intense feed marks, as shown in 
Figure 4.95, due to drill oscillation, compared to CD, Figure 4.94. 
Investigation of the hardness of cross section of the holes in Ti, within 300 μm from the 
machined surfaces was conducted, and the results are shown in Figures 4.98 and 4.99. 
Drilling using the lower feed rates of 0.025 and 0.05 mm/rev resulted in 20 – 40 HK 
harder machined surfaces than those produced by the highest feed rate of 
0.075 mm/rev. This observation indicates that reducing the feed rate when drilling Ti 
caused more work hardening of the machined Ti surfaces. Lower feed rate means that 
lower amount material was removed in one revolution of the drill, which suggests 
more rubbing of the drill against the machined surface, hence more plastic deformation 
that hardened the surface. Comparing UAD and CD when the tool wear was negligible 
(1st holes), the machined surfaces produced by UAD were 20 – 30 HK harder than those 
produced by CD, Figure 4.98. The observation of more hardening of the machined 
surface caused by UAD than CD is consistent with Study 2 in the case when cutting 
speed was varied, as discussed previously in Section 4.2.4.4. For the 40th holes, it is 
plausible that the dominant influence of tool wear was the reason for not seeing a 
marked difference between UAD and CD, Figure 4.99.  
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Figure 4.98: Comparison of sub-surface hardness of Ti cross section produced by CD and UAD of 
CFRP/Ti stacks using feed rates of 0.025, 0.05 and 0.075 mm/rev at a constant 
cutting speed of 50 m/min (Initial Ti hardness before machining: 340 HK) – 1st holes 
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Figure 4.99: Comparison of sub-surface hardness of Ti cross section produced by CD and UAD of 
CFRP/Ti stacks feed rates of 0.025, 0.05 and 0.075 mm/rev at a constant cutting 
speed of 50 m/min (Initial Ti hardness before machining: 340 HK) – 40th holes 
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4.3.4.5 Titanium burr height (hole exit) 
Figure 4.100 compares the progression of Ti burr height during CD and UAD of 
CFRP/Ti stacks when varying feed rates.  
 
 
 
Figure 4.100: Comparison of Ti burr height at the hole exit caused by CD and UAD of 
CFRP/Ti stacks using feed rates of (a) 0.025 mm/rev, (b) 0.05 mm/rev and 
(c) 0.075 mm/rev at a constant cutting speed of 50 m/min. Range bars indicate 
variation for three consecutive holes (e.g. hole 1-3, hole 9-11, hole 19-21 etc.) 
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Increasing feed rate from 0.025 to 0.05 mm/rev reduced Ti burr height by on average 
of 19% and 36% during CD and UAD, respectively. Increasing feed rate further from 
0.05 to 0.075 mm/rev reduced Ti burr height further by on average of 26% and 11% 
during CD and UAD, respectively. The result of Ti burr height in Figure 4.100 is 
consistent with the tool wear result, Figure 4.66. The Ti burr height was observed to be 
more consistent and progressed gradually when drilling using the highest feed rate of 
0.075 mm/rev, Figure 4.100 (c), due to the lowest tool wear rate.  
The difference between Ti burr height data produced by different feed rates was 
confirmed to be statistically significant by ANOVA, Appendix A, Table A.14. This means 
that Ti burr height was significantly affected by feed rate and tool wear. However, 
ANOVA established that the difference between Ti burr height data produced by CD 
and UAD at all feed rates was not statistically significant, Appendix A, Table A.14. This 
confirmed that the use of UAD did not significantly affect the Ti burr height at all feed 
rates employed compared to CD, which is consistent with the result of tool wear 
(Section 4.3.1).  
The Ti burr morphology and grain flow of the 40th holes for all feed rates are compared 
in Figure 4.101. Drilling using the lowest feed rate of 0.025 mm/rev caused larger 
amount of Ti grain deformation / flow, hence higher burr (CD = 330 μm, UAD = 
410 μm), Figure 4.101 (a, b), compared to the case of using the highest feed rate of 
0.075 mm/rev (CD = 205 μm, UAD = 190 μm), Figure 4.101 (e, f). The higher Ti burr 
with decreasing feed rate was due to more material being “pushed” and extruded by 
the worn cutting edges, instead of being sheared during the drilling. Therefore, to 
obtain the least Ti burr when drilling CFRP/Ti stacks, using a higher feed rate 
(e.g. 0.075 mm/rev) is recommended.  
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Figure 4.101: Cross section of Ti burr at the exit of the 40th holes caused by CD and UAD of 
CFRP/Ti stacks using feed rates of (a, b) 0.025 mm/rev,  (c, d) 0.05 mm/rev and, 
(e, f) 0.075 mm/rev at a constant cutting speed of 50 m/min 
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4.3.5 Conclusions from Study 3 
In summary, tool wear, hole diameter, CFRP pull-out and Ti burr height when drilling 
CFRP/Ti stacks were significantly affected by feed rate. However, CFRP delamination 
and Ti surface roughness were not significantly affected by feed rate. Tool wear 
reduced and longer tool life was achieved with increasing feed rate. The longest tool 
life (CD and UAD = 130 holes) was achieved when drilling with the highest feed rate of 
0.075 mm/rev due to minor Ti adhering to the cutting edges and the cutting edges 
wore gradually and uniformly by abrasive wear mechanism. In contrast, drilling with 
the lowest feed rate caused the shortest tool life (CD = 40 holes, UAD = 35 holes) due to 
severe Ti adhering to the cutting edges leading to substantial cutting edge 
fragmentation.  
In terms of hole quality, due to the least tool wear and Ti adhesion, using the highest 
feed rate of 0.075 mm/rev (cutting speed = 50 m/min) is favourable for producing 
consistent hole diameter, closer to the drill nominal diameter (up to 80 holes) and the 
least Ti burr height. Using the high feed rate of 0.075 mm/rev did not significantly 
affect CFRP entrance delamination and machined Ti surface roughness, however, it 
caused 45% more fibre pull-out, despite lower tool wear than the case of using the 
lower feed rate of 0.025 mm/rev.    
At all feed rates, the application of UAD on CFRP/Ti stacks did not significantly improve 
tool life compared to CD. At the lowest feed rate of 0.025 mm/rev, UAD caused more 
rapid and substantial cutting edge fragmentation compared to CD. There was no 
significant difference in CFRP delamination, CFRP pull-out and Ti burr height between 
UAD and CD. Nevertheless, UAD resulted in smaller diameter difference between the 
holes in CFRP and Ti, as well as improved machined Ti surfaces in terms of lower 
roughness and increased hardness.   
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Chapter 5      Discussion 
5.1 Tool wear 
Previous studies [37, 41, 133, 136] reported a mixture of cutting edge rounding 
(abrasive wear), material adhesion on cutting edges and edge chipping (adhesive wear) 
when drilling CFRP/Ti stacks, however, it was difficult to determine in which event 
they occurred as various cutting tools, cutting parameters and drilling condition were 
employed. The current research has extended the knowledge of tool wear mechanisms 
when drilling CFRP/Ti stacks. In this research, it was shown that drilling 
CFRP/Ti stacks in one-shot using uniform cutting parameters (cutting speed = 
50 m/min, feed rate = 0.05 mm/rev) is more difficult than drilling the materials 
individually. This was attributed to a complex interaction between two different tool 
wear mechanisms causing severe Ti adhesion to the cutting edges, thereby rapid tool 
failure due to cutting edge fragmentation. Obtaining manageable Ti adhesion, uniform 
and gradual tool wear (by edge rounding) when drilling CFRP/Ti stacks is possible by 
minimising the heat generation and reducing contact time. This was achieved by 
reducing cutting speed and increasing feed rate. A change in the wear mechanisms 
when drilling CFRP/Ti stacks from severe adhesive wear and cutting edges fracture to 
abrasive wear (edge rounding) was observed as cutting speed decreased from 75 to 
25 m/min (at a constant feed rate of 0.05 mm/rev) and as feed rate increased from 
0.025 to 0.075 mm/rev (at a constant cutting speed of 50 m/min).  
A limited amount of Ti adhered uniformly to the cutting edges when drilling the Ti 
layer of the stack was beneficial as it protected the cutting edges and is gradually 
abraded away when drilling CFRP. This is the key to gradual tool wear when drilling 
CFRP/Ti stacks, rather than substantial Ti adhesion being built up which is not easily 
abraded, thereby suddenly fractured causing cutting edge fragmentation. The stable, 
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gradual and predictable tool failure when using a lower cutting speed of 25 m/min 
(feed rate = 0.05 mm/rev) and a higher feed rate of 0.075 mm/rev (cutting speed = 
50 m/min) is vital for better tool life and less tool changes during drilling operations. In 
contrast, employing a higher cutting speed of 75 m/min (feed rate = 0.05 mm/rev) or 
lower feed rate of 0.025 mm/rev (cutting speed = 50 m/min) when drilling 
CFRP/Ti stacks could lead to scrapping a very expensive component as the drill may 
fail or break abruptly, and there is no operator to stand by the machine tool to monitor 
the operation at all time in the event it occurs.  
With regards to UAD application on CFRP/Ti stacks, it was found that vibrating the drill 
(frequency = 40 kHz, peak-to-peak amplitude = 11 μm) did not reduce the amount of 
Ti adhesion to the cutting edges and tool wear compared to CD. This indicated that 
with the employed cutting tools and parameters, it is not possible to improve tool life 
and productivity when drilling CFRP/Ti stacks by applying ultrasonic assistance. The 
oscillation of the drill back and forth during UAD caused rapid fluctuation in the feed 
rate, which may cause earlier drill failure compared to CD if the cutting edge is not 
strong. Oscillation of the drill during UAD in this research was not observed to cause 
intermittent cutting (periodic separation of the cutting edges and workpiece). Instead, 
the cutting mechanism in UAD was continuous as in the case of CD, with the employed 
cutting tools, cutting parameters, and ultrasonic vibration parameter, which was the 
reason for not seeing a discernible difference in Ti adhesion and tool wear in UAD 
compared to CD. Previous studies [143, 145] reported that intermittent cutting during 
drilling CFRP/Ti stacks which was achieved by employing Low Frequency Vibration 
Assisted Drilling (LFVAD) is favourable to facilitate Ti chip removal, hence less 
Ti adhesion on the cutting edges and longer tool life compared to CD. Despite a similar 
concept of drill vibration during LFVAD and UAD, it important to note that LFVAD uses 
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10 times higher amplitude (e.g. 100 – 300 μm) and 1000 times lower frequency (e.g. 10 
– 40 Hz) than UAD (e.g. amplitude = 2 – 20 μm, frequency = 10,000 – 40,000 Hz).  
5.2 Hole quality  
Obtaining a total improvement in hole quality in CFRP/Ti stacks is difficult. When the 
hole quality in Ti component of the stacks was improved, the hole quality in CFRP was 
not. Previous studies [37, 39, 102, 103] have reported that CFRP delamination, fibre 
pull out and Ti burr were common damage observed when drilling CFRP/Ti stacks 
which deteriorated hole quality, however, factors which caused the damage was not 
detailed. Whilst obtaining uniform and gradual tool wear is important to prolong the 
tool life, this does not necessarily improve the overall hole quality in CFRP/Ti stacks. In 
fact, controlling the hole quality in CFRP/Ti stacks is complex because of two different 
materials. The consistency of hole diameter and Ti burr height growth were found to 
be positively correlated and were significantly affected by the progressive increase in 
Ti adhesion and tool wear due to increased cutting speed and decreased feed rate. 
Using a lower cutting speed of 25 m/min (feed rate = 0.05 mm/rev) and a higher feed 
rate of 0.075 mm/rev (cutting speed = 50 m/min) is important to obtain consistent 
hole diameters within H7 tolerance (-0.000/+0.015 mm) and the least Ti burr (height 
of less than 250 µm up to 80 holes).  
However, the extent of damage to the holes in CFRP in terms of delamination and fibre 
pull was not found to be significantly affected by tool wear. Rather, CFRP entrance 
delamination and fibre pull-out were primarily governed by the Ti chip flow. Although 
longer tool life, hence consistent hole diameter and least Ti burr height were achieved 
by reducing cutting speed and increasing feed rate, CFRP delamination at the hole 
entrance when drilling CFRP/Ti stacks was not reduced. The inconsistency and lack of 
definite trend in CFRP entrance delamination with respect to the change in cutting 
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speed and feed rate were attributed to the sharp Ti chips, which caused 
unpredictability, variation and additional damage to the CFRP as the Ti chip evacuated 
through the CFRP workpiece and whirling (entangling and moving around the drill) on 
the hole entrance. The fibre pull-out from the machined surfaces of CFRP was largely 
affected by feed rate, in addition to the factor of Ti chip. Even though using a higher 
feed rate (0.075 mm/rev) when drilling CFRP/Ti stacks was beneficial to obtain a 
longer tool life, the larger amount of material removed per drill revolution caused more 
CFRP pull-out from the machined surfaces. This indicates that there is no single 
solution to improve both productivity and hole quality in the CFRP component of the 
stacks, with respect to the change in feed rate; based on cutting parameters, cutting 
tool and drilling environment employed in this research. Therefore, further finishing 
operation would still be needed to improve the hole quality. 
The implementation of UAD did not substantially improve the overall hole quality in 
CFRP/Ti stacks. UAD did not significantly reduce the CFRP damage as similarly long, 
continuous and spiral Ti chips were produced since the cutting mechanism remained 
continuous. Notably, the oscillation of the drill back and forth during UAD has potential 
to cause more consistent diameter between the holes in CFRP and Ti in stacks. In terms 
of the surface integrity of Ti workpiece, evidence showed that UAD generated lower 
surface roughness and harder machined surface compared to CD (Sections 4.2.4.4 and 
4.3.4.4), which was attributed to more plastic deformation on the machined surfaces 
caused by the drill oscillation during UAD. This suggests that UAD is favourable for Ti 
individually for improving the strength of the machined component. No reported data 
of machined surface integrity of Ti caused by UAD was found, therefore, this finding 
contributed to the body of knowledge regarding the effect of drill oscillation during 
drilling on the machined surface of Ti. Even though no further work to check the 
fatigue life of the machined Ti was conducted due to time constraint and it was not the 
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focus of this research, the hardness data and limited data of residual stress obtained 
from this study can be used as a benchmark to initiate a further work focussing on the 
potential of UAD to improve the fatigue strength of the machined component, 
particularly titanium alloy.  
Eliminating Ti burr formation was not possible during UAD in this work. The fact that 
the Ti burr was formed as early as drilling the first hole in all CD and UAD at all cutting 
speeds and feed rates indicated that the geometry of the drill is not optimal for 
producing a free-burr hole to begin with. This indicated that a secondary finishing 
operation is still required to remove the burr, regardless of cutting parameters 
employed in this research. Therefore, further work on the drill geometry, which can 
produce holes with zero or minimal burr in order to improve hole quality, would be 
beneficial.  
With the range of parameters employed in the current study, the application of UAD for 
CFRP/Ti stacks does not eliminate the requirement for a secondary finishing operation. 
In order to obtain a significant advantage in hole quality of CFRP/Ti stacks, further 
research on the drill geometry to break the long Ti chip should be incorporated. Whilst 
this study has provided the basis for understanding the cutting mechanism during 
UAD, further work is required to maximise the potential of UAD in improving tool wear 
and hole quality compared to CD.    
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Chapter 6      Conclusions 
The aim of this work was to develop the fundamental knowledge and yield 
understanding of machinability of CFRP/Ti stacks in terms of tool wear and hole 
quality during CD and UAD using tungsten carbide (WC-Co) drills. The following 
conclusions were drawn from this work:  
6.1 Conclusions from the literature review 
 The main critical issues when drilling CFRP-only has been associated with rapid 
abrasive tool wear, CFRP delamination and fibre pull-out. CFRP has been 
recommended to be drilled with low feed rates (e.g. lower than 0.05 mm/rev) to 
minimise the thrust forces and hence CFRP damage. Whereas, the thrust force 
and CFRP damage typically are less affected by cutting speed, thereby permits 
the use of high cutting speed (e.g. higher than 100 m/min), which is favourable 
for improving productivity.  
 The main issue when drilling Ti-only is high cutting temperature (higher than 
500 °C), which is typically due to the use of high cutting speed, causing rapid 
weakening of cutting edges and accelerating drill failure. Therefore, titanium has 
been recommended to be drilled with a low cutting speed (e.g. 20 – 60 m/min) 
and high feed rate (e.g. higher than 0.1 mm/rev) with cutting fluid / coolant to 
minimise cutting temperature and contact time.  
 The different requirement of cutting parameters when drilling CFRP-only and  
Ti-only has resulted in the majority of studies involving drilling CFRP/Ti stacks 
to change cutting speed and feed rate between the CFRP and titanium layers of 
the stacks. However, this is impractical in industry. A uniform set of cutting 
parameters when drilling through the stacks is preferable, however, the limited 
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research precluded understanding the machinability of CFRP/Ti stacks in terms 
of tool wear and hole quality. 
 Ultrasonic Assisted Drilling (UAD) has attracted industry and researchers’ 
attention as it has been demonstrated to produce lower thrust force, which it was 
suggested may improve tool wear and hole quality of CFRP/Ti stacks. However, 
because of the lack of reported research and machining data regarding UAD of 
CFRP/Ti stacks, there is a lack of understanding of the cutting mechanisms 
involved and its functional performance.  
6.2 Conclusions from experimental work 
6.2.1 Tool wear mechanisms and hole quality during 
conventional drilling of CFRP/Ti stacks compared to 
drilling CFRP and Ti alloy individually using a cutting 
speed of 50 m/min and feed rate of 0.05 mm/rev  
 When drilling CFRP-only, tools wore uniformly by an abrasive wear mechanism. 
In contrast, a limited adhesive tool wear was observed when drilling Ti-only. The 
interaction between abrasive and adhesive wear mechanisms during one-shot 
drilling of CFRP/Ti stacks was identified as the reason for severe adhesive wear, 
hence causing 90% and 1038% higher tool wear than drilling CFRP-only and    
Ti-only, respectively after 80 holes. Ti adhered strongly on the abraded cutting 
edges. The strong metallic bonding between the drill substrate (WC-Co) and the 
Ti caused substantial WC-Co fracture, hence rapid tool failure. A delay between 
drilling CFRP and Ti caused less Ti adhesion and reduced tool wear, which was 
attributed to the presence of protective oxide layer on the cutting edges.  
 For one-shot drilling of CFRP/Ti stacks, as the number of holes increased, hole 
diameter became increasingly inconsistent. CFRP pull-out increased and Ti burr 
height increased due to the increase in tool wear and Ti adhesion. CFRP entrance 
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delamination was not substantially affected by tool wear, rather, it was 
substantially affected by the Ti chip evacuated through the CFRP layer of the 
stacks. In contrast, for drilling CFRP-only, hole diameters were consistent, 
whereas, CFRP entrance delamination and CFRP pull-out progressed gradually 
with increasing tool wear until the end of drilling test (80 holes). In the case of 
drilling Ti-only, hole diameter and Ti burr height were consistent from the 
beginning until the end of drilling test due to the least tool wear.     
6.2.2 The effect of cutting parameters during one-shot CD 
and UAD of CFRP/Ti stacks on tool wear and hole 
quality 
 Decreasing cutting speed from 75 to 50 to 25 m/min (at a constant feed rate = 
0.05 mm/rev), and increasing feed rate from 0.025 to 0.05 to 0.075 mm/rev (at a 
constant cutting speed = 50 m/min) when drilling CFRP/Ti stacks was found to 
significantly reduce the titanium adhesion on the cutting edges and tool wear, 
hence longer tool life was achieved. Consequently, consistent hole diameter 
within tolerance closer to the nominal diameter of 6.1 mm and reduced Ti burr 
height were obtained. There was no significant difference in tool life and Ti burr 
height produced by CD and UAD at all cutting parameters. Nevertheless, the use 
of UAD was found to produce more consistent diameter with smaller (by 0 –
 2 µm) diameter difference between the holes in CFRP and Ti of the stacks, 
compared to CD, which produced larger diameter difference (of 1 – 6 µm).  
 No significant difference in CFRP delamination was found irrespective of cutting 
parameters employed and whether CD or UAD were employed. CFRP 
delamination was not reduced despite the limited Ti adhesion and reduction in 
tool wear with decreasing cutting speed and increasing feed rate. This was due to 
the fact that CFRP delamination was largely affected by the titanium chip 
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evacuating through the CFRP layer of the stacks, rather than tool wear, 
irrespective of cutting parameters. 
 Carbon fibre pull-out from the machined surfaces during CD and UAD of 
CFRP/Ti stacks was not significantly affected by cutting speed. However, there 
was 45% reduction in carbon fibre pull-out as the feed rate reduced from 0.075 
to 0.025 mm/rev, despite the drill exhibiting 270% higher tool wear. The volume 
of CFRP pull-out caused by UAD exhibited no significant difference than CD.  
 When tool wear was minimal (1st holes), the roughness of machined titanium 
surfaces reduced with increasing cutting speed and decreasing feed rate. 
However, with increasing hole number and tool wear, the surface roughness of 
titanium fluctuated. At all cutting parameters, the use of UAD was found to 
generate on average 33% lower titanium surface roughness than those of CD.  
 The hardness of the machined titanium surface increased with decreasing cutting 
speed as well as with decreasing feed rate when drilling CFRP/Ti stacks. The use 
of UAD was found to have potential to generate harder and stronger machined 
surface of Ti than those produced by CD.  
6.2.3 Cutting forces profiles and chip formation during UAD 
of CFRP/Ti stacks compared to CD 
 Ultrasonic Assisted Drilling (UAD) of CFRP/Ti stacks at all cutting parameters 
exhibited 24% – 45% larger forces variation compared to CD, which was 
attributed to oscillation of the drills during UAD causing variation in feed rate. 
Intermittent cutting did not occur during UAD, rather the cutting was continuous 
similar to the case of conventional drilling (CD). 
 Both CD and UAD at all cutting parameters produced titanium chips having 
similar morphology taking the form of spiral and folded. Cross sectioning, 
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polishing and etching the chips revealed segmentation, i.e. apparent shear bands. 
The shear bands in the titanium chips became more evident with increasing 
cutting speed from 25 to 50 to 75 m/min, and with reducing feed rate from 0.075 
to 0.05 to 0.025 mm/rev, indicative of increased variation in thermal softening 
and hardening of the workpiece during chip formation. 
 UAD and CD at all cutting parameters produced continuous titanium chips having 
a similar length within the range of 4 to 12 cm. No broken titanium chips were 
observed during UAD at all cutting parameters. This indicated that the chips 
during UAD were formed continuously as the cutting was continuous similar to 
the case of CD. However, titanium chips produced by UAD exhibited on average 
46% larger variation in thickness compared to CD, which supported the 
observation of larger forces variation due to drill oscillation during UAD. 
6.3 Final conclusions 
This research has developed the knowledge and understanding of machinability of 
CFRP/Ti stacks in terms of tool wear and hole quality when drilling. The overall 
conclusions about this thesis are: 
 Evidence of complex tool wear mechanisms when drilling CFRP/Ti stacks were 
presented and explained. The rapid drill failure during one-shot drilling of 
CFRP/Ti stacks using uniform cutting parameters was due to the interaction 
between abrasive and adhesive wear mechanisms causing strong Ti adhesion, 
and hence cutting edge fracture.   
 The effect of cutting parameters when one-shot drilling of CFRP/Ti stacks on tool 
wear and subsequently its influence on hole quality was established, which was 
often ignored in the previous literature. Cutting speed and feed rate are vital 
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parameters, which have to be carefully controlled since they significantly affect 
tool wear mechanism and hence tool life. The use of low cutting speed and high 
feed rate, which caused less heat generation is beneficial for obtaining less 
Ti adhesion, gradual tool wear and hence longer tool life when drilling 
CFRP/Ti stacks. The less Ti adhesion on the cutting edges and gradual tool wear 
are favourable for obtaining consistent hole diameter in CFRP/Ti stacks within 
tolerance and less Ti burr formation. However, the gradual tool wear did not 
resolve CFRP damage as the damage was found to be substantially affected by the 
Ti chips evacuating through the CFRP layer of the stacks.  
 Evidence of continuous cutting and drill oscillation during UAD of CFRP/Ti stacks 
were presented, which was lacking in the previous literature, and its effect on 
tool wear / life and hole quality was established. The application of UAD did not 
provide any significant advantage in tool life compared to CD, as the cutting 
remains continuous. It is concluded that tool wear is significantly governed by 
cutting parameters, rather than by drill oscillation (peak-to-peak 
amplitude = 11 μm, frequency = 40 kHz). However, the oscillation of the drill 
during UAD caused larger variation in cutting forces compared to CD and can 
lead to earlier cutting edge fracture if the cutting edges are not strong enough. 
Furthermore, UAD did not completely resolve the hole quality issue of 
CFRP/Ti stacks. The oscillation of the drill during UAD is beneficial to produce 
consistent diameter between the holes in CFRP and Ti of the stacks, lower 
machined Ti surface roughness and harder Ti sub-surface, compared to CD. 
However, CFRP damage during UAD was not reduced compared to CD since the 
damage is affected by long Ti chips, similarly produced by CD and UAD. 
Therefore, within this research context, finishing operations would be needed to 
improve the hole quality after either CD or UAD. 
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Chapter 7      Future Work 
 Earlier cutting edge fracture that was observed during UAD at high cutting speed 
and low feed rate indicated that UAD required strong cutting edges compared to 
CD. Therefore, further work to investigate a stronger cutting tool material 
(e.g. development of mixed carbide) and geometry for UAD application 
particularly for titanium alloy is recommended. 
 This work has shown that UAD has potential to produce machined Ti surfaces 
with lower surface roughness and marginal improvement in hardness compared 
to CD, however, there was limited data on residual stress. Further work focusing 
on the residual stress and fatigue strength of the machined surfaces produced by 
drilling operations is recommended. Extensive analysis on fatigue life and 
mechanical properties of the machined component would be beneficial to 
determine whether improvement in the functional performance of the machined 
component can be achieved by UAM application. 
 Further investigation of UAD parameters (amplitude and frequency) is required 
to see if intermittent cutting can be achieved. Consequently, investigation of its 
implication on tool wear and the machined surfaces would be beneficial. 
 It would be beneficial to examine the way in which the cutting tool oscillates 
during UAM influences the way the workpiece material behaves in the cutting 
zone, i.e. on the primary shear plane and rake face of the tool.  
 Experimental work is costly and very time consuming. Therefore, modelling of 
drilling operations (CD and UAD) would be beneficial as a guideline to determine 
the optimised parameters for achieving better tool life and improved hole 
quality. The machining data presented in this thesis can be used as the input, 
reference and benchmark for modelling work. 
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Appendix A 
Appendix A presents statistical analysis, i.e. ANOVA (Analysis of Variance) for data / 
results in Chapter 4 (Sections 4.2 and 4.3). The difference between the data generated 
is statistically significant when the value of calculated Fratio is higher than the value of 
Fcritical. The ANOVA was conducted using Microsoft Excel Data Analysis Pack Software. 
 
Table A.1: ANOVA for flank wear data produced due to CD and UAD of CFRP/Ti stacks at cutting 
speeds 25, 50 and 75 m/min and a constant feed rate of 0.05 mm/rev 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between 
cutting speed 53515.04 2 26757.52 5.13 3.32 
 Significant 
Between         
CD and UAD 
1072.56 1 1072.56 0.21 4.17 
Not 
significant 
 
Table A.2: ANOVA for Ti chip thickness data produced during CD and UAD of CFRP/Ti stacks at 
cutting speeds 25, 50 and 75 m/min and a constant feed rate of 0.05 mm/rev 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between 
cutting speed 
107.25 2 53.62 11.23 3.17  Significant 
Between         
CD and UAD 
27.07 1 27.07 5.67 4.02 Significant 
 
Table A.3: ANOVA for hole diameter in CFRP produced during CD and UAD of CFRP/Ti stacks at 
cutting speeds 25, 50 and 75 m/min and a constant feed rate of 0.05 mm/rev 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between 
cutting speed 
8.0 x 10-4 2 4.0 x 10-4 45.91 3.09 Significant 
Between        
CD and UAD 
1.3 x 10-4 1 1.3 x 10-4 15.06 3.94 Significant 
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Table A.4: ANOVA for hole diameter in Ti produced during CD and UAD of CFRP/Ti stacks at 
cutting speeds 25, 50 and 75 m/min and a constant feed rate of 0.05 mm/rev 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between 
cutting speed 
8.8 x 10-4 2 4.4 x 10-4 44.05 3.09 Significant 
Between        
CD and UAD 
2.8 x 10-4 1 2.8 x 10-5 2.80 3.94 
Not 
Significant 
 
Table A.5: ANOVA for volume of CFRP pull-out caused by CD and UAD of CFRP/Ti stacks at cutting 
speeds 25, 50 and 75 m/min and a constant feed rate of 0.05 mm/rev 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between 
cutting speed 
7.3 x 10-3 2 3.6 x 10-3 1.70 3.19 
Not 
Significant 
Between         
CD and UAD 
1.5 x 10-4 1 1.5 x 10-4 0.07 4.04 
Not 
Significant 
 
Table A.6: ANOVA for Ra data produced by CD and UAD of CFRP/Ti stacks at cutting speeds 25, 50 
and 75 m/min and a constant feed rate of 0.05 mm/rev 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between 
cutting speed 
0.12 2 0.059 1.78 3.19 
Not 
Significant 
Between        
CD and UAD 
2.96 1 2.96 88.31 4.04 Significant 
 
Table A.7: ANOVA for Ti burr height data produced by CD and UAD of CFRP/Ti stacks at cutting 
speeds 25, 50 and 75 m/min and a constant feed rate of 0.05 mm/rev 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between 
cutting speed 
298435 2 149218 12.51 3.09 Significant 
Between        
CD and UAD 
4467 1 4467 0.37 3.94 
Not 
Significant 
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Table A.8: ANOVA for flank wear data produced by CD and UAD of CFRP/Ti stacks at feed rates 
of 0.025, 0.05 and 0.075 mm/rev and a constant cutting speed of 50 m/min 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between      
feed rates 
41889 2 20945 4.78 3.32 Significant 
Between        
CD and UAD 
46.69 1 46.69 0.01 4.17 
Not 
Significant 
 
Table A.9: ANOVA for Ti chip thickness data produced by CD and UAD of CFRP/Ti stacks at feed 
rates of 0.025, 0.05 and 0.075 mm/rev and a constant cutting speed of 50 m/min 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between     
feed rates 
10607 2 5303 365 3.11 Significant 
Between      
CD and UAD 
62.03 1 62.03 4.27 3.95 Significant 
 
Table A.10: ANOVA for hole diameter in CFRP produced by CD and UAD of CFRP/Ti stacks at 
feed rates of 0.025, 0.05 and 0.075 mm/rev and a constant cutting speed of 
50 m/min 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between    
feed rates 
1.1 x 10-4 2 5.6 x 10-5 9.58 3.09 Significant 
Between     
CD and UAD 
9.2 x 10-5 1 9.2 x 10-5 15.71 9.94 Significant 
 
Table A.11: ANOVA for hole diameter in Ti produced by CD and UAD of CFRP/Ti stacks at feed 
rates of 0.025, 0.05 and 0.075 mm/rev and a constant cutting speed of 50 m/min 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between     
feed rates 
1.0 x 10-3 2 5.2 x 10-4 59.86 3.09 Significant 
Between      
CD and UAD 
2.8 x 10-5 1 2.8 x 10-5 3.25 3.94 
Not 
Significant 
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Table A.12: ANOVA for volume of CFRP pull-out produced by CD and UAD of CFRP/Ti stacks at 
feed rates of 0.025, 0.05 and 0.075 mm/rev and a constant cutting speed of 
50 m/min 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between     
feed rates 
0.05 2 0.025 10.94 3.19 Significant 
Between        
CD and UAD 
4.9 x 10-4 1 4.9 x 10-4 0.21 4.04 
Not 
Significant 
 
Table A.13: ANOVA for Ra data produced by CD and UAD of CFRP/Ti stacks at feed rates of 
0.025, 0.05 and 0.075 mm/rev and a constant cutting speed of 50 m/min 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between      
feed rates 
0.12 2 0.059 1.24 3.19 
Not 
Significant 
Between        
CD and UAD 
2.36 1 2.36 49.41 4.04 Significant 
 
Table A.14: ANOVA for Ti burr height data produced by CD and UAD of CFRP/Ti stacks at feed 
rates of 0.025, 0.05 and 0.075 mm/rev and a constant cutting speed of 50 m/min 
Source of 
variations 
Sum of 
squares 
Degree of 
freedom 
Mean sum 
of squares 
Fratio Fcritical Remark 
Between      
feed rates 
146784 2 73392 9.26 3.09 Significant 
Between        
CD and UAD 
4767 1 4767 0.60 3.94 
Not 
Significant 
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Appendix B 
 
 
Figure B.1: SEM micrographs showing morphology of adhered Ti on the cutting edge and flank 
face condition after (a) CD and (b) UAD, of 80 holes through CFRP/Ti stacks using a 
cutting speed of 50 m/min and feed rate of 0.05 mm/rev 
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Figure B.2: SEM micrographs showing cutting edge and flank face condition after CD of 80 holes 
through CFRP/Ti stacks using a cutting speed of 50 m/min and feed rate of 
0.05 mm/rev; following removal of the adhered Ti 
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Figure B.3: SEM micrographs showing cutting edge and flank face condition after UAD of 80 holes 
through CFRP/Ti stacks using a cutting speed of 50 m/min and feed rate of 
0.05 mm/rev; following removal of the adhered Ti 
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Figure B.4: SEM micrographs showing rake face condition after UAD of 80 holes through 
CFRP/Ti stacks using a cutting speed of 25 m/min and feed rate of 0.05 mm/rev; 
following removal of the adhered Ti 
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Figure B.5: SEM micrographs showing Co removal at the worn cutting edges after (a) CD and 
(b) UAD, of 80 holes through CFRP/Ti stacks using a feed rate of 0.075 mm/rev and 
cutting speed of 50 m/min 
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Figure B.6: SEM micrographs showing Co removal at the worn cutting edges after (a) CD and 
(b) UAD, of 80 holes through CFRP/Ti stacks using a feed rate of 0.025 mm/rev and 
cutting speed of 50 m/min 
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Figure B.7: Optical microscopy images showing grain deformation beneath machined Ti surfaces 
when CD and UAD of CFRP/Ti stacks using (a) 25 m/min, (b) 50 m/min and 
(c) 75 m/min at a constant feed rate of 0.05 mm/rev – 40th holes 
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Figure B.8: Optical microscopy images showing grain deformation beneath machined Ti surfaces 
when CD and UAD of CFRP/Ti stacks using (a) 0.025 mm/rev, (b) 0.05 mm/rev and 
(c) 0.075 mm/rev at a constant cutting speed of 50 m/min –  1st holes 
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Figure B.9: Optical microscopy images showing grain deformation beneath machined Ti surfaces 
when CD and UAD of CFRP/Ti stacks using (a) 0.025 mm/rev, (b) 0.05 mm/rev and 
(c) 0.075 mm/rev at a constant cutting speed of 50 m/min – 40th holes 
 
